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Abstract

Invasive species can reduce biodiversity of a system by outcompeting native species for
resources, changing the physical characteristics of a habitat, and altering natural disturbance
regimes. Coastal sand dune ecosystems are dynamic with elevated levels of disturbance, and as
such they are highly susceptible to plant invasions. The topography, geographic distribution of
preferred habitat, and disturbance regime in an ecosystem can influence where an invasive plant
becomes established, its dispersal patterns, and how densely it grows. One such invasion that is
of major concern to the Great Lakes dune systems is baby’s breath (Gypsophila paniculata). The
invasion of baby’s breath negatively impacts native species, including rare ones such as Pitcher’s
thistle (Cirsium pitcheri). Estimating the genetic variation and structure of invasive populations
can lead to a better understanding of the invasion history, and the factors influencing invasion
success. Microsatellite genetic markers can be beneficial for estimating levels of diversity
present within and among populations. Our research goals were to develop microsatellite primers
to analyze invasive populations, quantify the genetic diversity and estimate the genetic structure
of these invasive populations of baby’s breath in the Michigan dune system. We identified 16
polymorphic nuclear microsatellite loci for baby’s breath out of 73 loci that successfully
amplified from a primer library created using Illumina sequencing technology. We analyzed 12
populations at 14 nuclear and 2 chloroplast microsatellite loci and found moderate genetic
diversity, strong genetic structure among the populations (global F ST = 0.228), and also among
two geographic regions that are separated by the Leelanau peninsula. Results from a Bayesian
clustering analysis suggest two main population clusters. Isolation by distance was found over all
12 populations (R = 0.755, P < 0.001) and when only cluster 2 populations were included (R =
0.523, P = 0.030); populations within cluster 1 revealed no significant relationship (R = 0.205, P
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= 0.494). The results suggest the possibility of at least two separate introduction events to
Michigan. These results provide an understanding of the invasion history and factors
contributing to invasion success. Management of invasive populations can use this to identify
populations of high priority.
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Chapter I
Introduction
Invasive species
The loss of biodiversity worldwide is attributed to two main causes: habitat loss and biological
invasions (Cronk and Fuller 2001). Non-native invasive plants can reduce biodiversity of a
system by outcompeting native species for resources, altering trophic webs, changing the
physical characteristics of a habitat (e.g. available soil nutrients and stabilization), and altering
natural disturbance regimes (Cronk and Fuller 2001, Sakai et al. 2001, Pejchar and Mooney
2009). In a global study done by Early et al. (2016), it was found that one-sixth of terrestrial
habitat is vulnerable to biological invasion, with areas of high biodiversity under particular
threat. In addition, abiotic factors such as global climate change have been found to often
increase the success of species in novel environments (Hellmann et al. 2008, Colautti and Barrett
2013, Early et al. 2016, Moran et al. 2017). In 2005, the estimated cost associated with damages
and control of non-native invasive species in the United States was $120 billion annually
(Pimentel et al. 2005), and that has likely increased in the past 13 years. Due to annual increases
in the spread of nonnative invasive species, the threat to biodiversity will probably continue, but
the long-term response of native communities and invaded ecosystems is difficult to predict
(Hellmann et a. 2008).
Historically, most non-native invasive plants were introduced to the United States for the
purposes of agriculture, textiles, and ornamental decoration (Mack and Lonsdale 2001, Pimentel
et al. 2005). However, the main contemporary purpose for introducing non-native invasive plant
species worldwide is the latter, and they are intentionally distributed through the ornamental
nursery supply chain (Mack and Lonsdale 2001, Levine and D’Antonio 2003, Pimentel et al.
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2005, Hulme et al. 2018). When the intentional global distribution and introduction of
ornamental plants and seeds really began in the mid 1800’s, the potential harm these nonnative
species could cause was not yet understood. For sake of clarity, in this study we will define nonnative invasive species (hereafter invasive species) according to Executive Order number 13112
(1999) as “a species that is non-native (alien) to the ecosystem under consideration, and whose
introduction causes or is likely to cause economic or environmental harm or harm to human
health.” Although we have countless examples today of nonnative ornamental plants that become
invasive and continue to cause billions of dollars in damage to agriculture, infrastructure, and
biodiversity, we continue to globally distribute them and fail to caution others of their potential
destruction (Pimentel et al. 2005).

Population genetics
The field of population genetics is based on the exploration of variation in allele and genotype
frequencies within and among populations over time, and how evolutionary processes can shape
this observed variation (Clark 2001). In studying the genetic variation within and among invasive
plant populations, we can begin to understand how the populations are different, and why these
differences may be important to the success, failure, and spread of an invasion (Dlugosch et al.
2015, Lawson-Handley et al. 2011, Sakai et al. 2001). During an invasive species’ introduction
or range expansion, events can occur that change the demography of the invasive population,
such as multiple introductions, bottlenecks, genetic admixture between populations, or
inbreeding (reviewed in Dlugosch and Parker 2008). These events shape the genetic diversity
that we observe in contemporary populations, and can strongly influence the success of the
invader (Dlugosch and Parker 2008, Wilson et al. 2009, Crawford and Whitney 2010).
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Observed genetic variation within and among populations can be used to better
understand a species’ invasion history, as demographic processes like founders effects, isolation,
and admixture and can be inferred from contemporary populations, and can increase our
knowledge of the factors contributing to successful biological invasions (Sakai et al. 2001, Piya
et al. 2014, Sakata et al. 2015, Moran et al. 2017). A prevailing theory in the study of population
genetics is that a colonizing population will have reduced genetic diversity due to a bottleneck
event that occurred during the introduction, and this reduction in alleles confounded by genetic
drift can limit the genetic variation found in that population (Dlugosch and Parker 2008, Xu et al.
2015). However, we are learning that this is not always the case (Crosby et al. 2014, Hagenblad
et al. 2015, Bentley and Mauricio 2016), and multiple introduction events that add novel alleles
from the native range can lead to patterns of higher genetic diversity than expected (Sakata et al.
2015). Gene flow between introduced populations can further influence the genetic variation of
each, and thus the structure of the invasive populations (Dlugosch and Parker 2008, Nagy and
Korpelainen 2014). This increased diversity could lessen the effect of a bottleneck event and
genetic drift, and lead to possible range expansion and/or increased invasiveness (Colautti and
Barrett 2013, Xu et al. 2015, Moran et al. 2017).
The use of selectively neutral markers such as microsatellites can be beneficial for
estimating levels of diversity present within and among populations (Freeland et al. 2011).
Microsatellites, also referred to as simple sequence repeats (SSRs), are DNA motifs that are
typically 1-6 nucleotides long that are repeated several to dozens of times in tandem (Hodel et al.
2016). The variability in the length of the motif repeat is due to the high rate of mutations, which
are created by slippage during DNA replication. With high levels of mutation rates,
microsatellites can capture contemporary population differentiation (Sun et al. 2009, Hodel et al.
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2016), and can provide a baseline for starting to understand the demography of an invasion.
Microsatellites are useful for estimating genetic diversity within populations, the genetic
structure among populations, and pathways of gene flow (e.g. pollination and seed dispersal)
among populations (Sun et al. 2009, Freeland et al. 2011, Hodel et al. 2016). Therefore,
microsatellite markers are often used to understand the partitioning of genetic variation in
invasive populations to better understand the population structure and invasion history (Piya et
al. 2014, Hagenblad et al. 2015, Sakata et al. 2015).

Baby’s breath invasion in the Michigan dunes
Baby’s breath (Gypsophila paniculata) is a perennial forb native to the arid steppe region of
Eurasia, and is invasive across North America (Gleason and Cronquist 1963, Darwent 1975,
DiTomaso and Kyser et al. 2013). It is found invading several habitat types: agricultural fields
and rangelands of the west, Pacific northwest and Canada, the Great Lakes dune system, and
disturbed areas such as roadsides and ditches (Darwent 1975, DiTomaso and Kyser et al. 2013,
TNC 2013). For this study, we will focus on the invasion of baby’s breath to the Great Lakes
dune system.
The Great Lakes dune system comprises the largest freshwater dune complex in the
world, and as such is economically and environmentally important. Specifically, the Lake
Michigan dune system is over 1000 km2, receiving millions of visitors annually to recreate and
enjoy the unique landscape (Stynes 2011). This ecosystem harbors endemic species including the
federally threatened pitcher’s thistle (Cirsium pitcheri) and endangered piping plover
(Charadrius melodus) (Albert 2000). Because abiotic disturbances are so high in the Michigan
dune system, biological invasions continuously pose a threat to the dune community (Albert
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2000, Jolls et al. 2015). Alongside invaders such as bladder campion (Silene vulgaris) and
spotted knapweed (Centaurea stoebe subsp. micranthos), the G. paniculata invasion has been
found to negatively affect the native plant communities (TNC 2013, NPS 2015). It does this by
crowding out sensitive species such as C. pitcheri through direct competition for limited
resources, forming monotypic stands in the open dune habitat, and limiting pollinator visits to
native species (Jolls et al. 2015, Emery and Doran 2013, Baskett et al. 2011). The invasion of G.
paniculata has the potential to disrupt the dynamism of the dune landscape (Emery et al. 2013)
and alter trophic levels of the native community (Baskett et al. 2011, Emery and Doran 2013) in
the northwest Michigan dune system, and this threat has led to increased concern over its
pervasiveness regionally and nationally.

Purpose
There has been little research into the population structure and invasion history of baby’s breath.
Due to the potential negative impacts of baby’s breath to the Great Lakes dune system, the goal
of this research is to better understand the invasive populations in Michigan and how the
population distribution may be shaped by the dune landscape. To do this, we used a population
genetics approach, and developed microsatellite molecular markers specific to perennial baby’s
breath (Gypsophila paniculata), which then allowed us to analyze the invasion in the Michigan
dunes on a population level, and estimate the variation found within and between these
populations.
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Scope
The scope of this research focused on estimating the genetic structure of the baby’s breath
invasion in both the upper and lower peninsulas of Michigan, which to the best of our
knowledge, also make up the largest contemporary infestations within the Great Lakes region.
However, the molecular markers and methods developed in this study can be applied to both
invasive populations of baby’s breath across North America, and populations in its native range.

Assumptions
In performing this research, there are several main assumptions we made about our data. The
sampling design we implemented assumes that we adequately captured the majority of principal
alleles present in each location. Our conclusions of the data assume that baby’s breath seeds are
naturally wind-dispersed. The statistical analyses we performed also assume that the molecular
markers we developed are neutral in regards to natural selection, are independently inherited, and
that each population is in Hardy-Weinberg Equilibrium (HWE).

Hypotheses
Through this research, we sought to complete three objectives: (1) develop molecular markers
specific to perennial baby’s breath (chapter 2), (2) quantify the genetic diversity of invasive
baby’s breath populations in the Michigan dune system (chapter 3), and (3) estimate the genetic
structure of these invasive populations (chapter 3). Based on suggestions by land managers that
the initial site of the baby’s breath invasion was at the Zetterberg Preserve site (TNC 2013), we
hypothesized that we would see an isolation by distance effect in populations at increasing
distances from this site. Given that invasive species populations often experience a bottleneck
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due to founder’s effect upon introduction in a novel environment, we also hypothesized that we
would find limited genetic variation in these populations (Dlugosch and Parker 2008).

Significance
This research on the invasion of baby’s breath in Michigan is significant for several reasons.
Identifying the genetic structure of invasive baby’s breath in Michigan will increase our
understanding of invasion biology by characterizing how genetic variation is maintained across a
highly-structured geographic region, and the influence of human-mediation in perpetuating the
issue of invasive species. The development of species-specific molecular markers provides
scientists and resource managers with a set of genetic tools to continue research on populations
across its invasive and native range.
Furthermore, the invasion of baby’s breath is seen as detrimental to the integrity of the
dynamic dune landscape in Michigan, and The Nature Conservancy and the National Park
Service are already implementing more focused management practices informed by this research.
These agencies have revised their strategy to prioritize sites that have high visitor traffic and
where population maintenance is likely buffered by hitchhiking seeds, sites that are on the
northern end of Sleeping Bear Dunes National Lakeshore (hereafter Sleeping Bear Dunes or
SBDNL) in order to prevent the invasion from moving past the north end of the park, and sites
where baby’s breath populations can be kept at preferred management levels. The adjustments
made according to this research can improve the protection of the unique biodiversity in the
Michigan dune system.
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ABSTRACT
● Premise of the study: Gypsophila paniculata L. (baby’s breath) is an herbaceous
perennial that has invaded much of northern and western United States and Canada,
outcompeting and crowding out native and endemic species. Microsatellite primers were
developed to analyze the genetic structure of invasive populations.
● Methods and Results: We have identified 16 polymorphic nuclear microsatellite loci for
G. paniculata out of 73 loci that successfully amplified from a primer library created
using Illumina sequencing technology. The developed primers amplified microsatellite
loci in 3 invasive populations in Michigan. Primers amplified di-, tri-, and tetranucleotide repeats. Five of these developed primers also amplified in G. elegans.
● Conclusions: These markers will be useful in characterizing the genetic structure of
invasive populations throughout North America to aid targeted management efforts, and
in native Eurasian populations to better understand invasion history.

Key words: Genetic diversity; Gypsophila paniculata; invasive species; microsatellites.
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INTRODUCTION
The herbaceous perennial forb, Gypsophila paniculata L., was introduced to North
America in the late 1800’s (Darwent and Coupland, 1966). Invasive populations have since been
documented throughout the northern and western United States and Canada, specifically in
agriculture fields, rangeland, roadsides, and sandy coastlines along the Great Lakes (Darwent,
1975; Emery and Doran, 2013). Despite its wide invasive range, little information exists on how
populations throughout North America are related or how they are spreading. Due to its
aggressive invasion, negative impacts on native biota (Emery and Doran, 2013), and a lack of
data regarding its spread, it is important to develop molecular markers that can characterize the
genetic structure of invasive populations of G. paniculata. These markers will be directly used to
investigate invasions within the Lake Michigan coastal dune system where an 1,800-acre
infestation occurs (TNC, 2013). However, these markers and optimized protocols can be used to
characterize populations of G. paniculata throughout its invasive and native range to further
assess its invasion history and spread.
Calistri et al. (2014) examined the genetic relationship of 5 Gypsophila spp. (including G.
paniculata) within their native range and 13 commercial hybrid strains using a combination of
amplified fragment length polymorphisms (AFLPs), inter simple sequence repeats (ISSRs),
target region amplification polymorphism (TRAP), and universal chloroplast simple sequence
repeats (cpSSRs). However, the majority of these markers are dominant and thus do not fully
distinguish between homozygotes and heterozygotes, a characteristic that would allow for finescale population genetic analyses (Freeland et al., 2011). Thus, the development of microsatellite
markers for G. paniculata is necessary to adequately characterize invasive populations
throughout North America.
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METHODS AND RESULTS
Microsatellite Library Development, Assembly and Identification—
Adventitious buds growing from the caudex of five G. paniculata plants were collected
from Sleeping Bear Dunes National Lakeshore (hereafter Sleeping Bear Dunes or SBDNL) in
2015 to develop the microsatellite library. Tissue was stored in indicator silica until DNA
extraction. Genomic DNA was extracted using DNeasy plant mini kits (QIAGEN, Hilden,
Germany), with modifications including extra wash steps with AW2 buffer. Extracted DNA was
run through Zymo OneStep PCR Inhibitor Removal Columns twice (Irvine, California, USA),
and checked using a Thermo Fisher Scientific Nanodrop 2000 (Waltham, Massachusetts, USA).
For microsatellite library development, each sample was diluted to 50 ng/µL and submitted to
Cornell University, Department of Ecology and Evolutionary Biology (CU-EEB). Libraries were
then submitted to the Sequencing and Genotyping Facility at the Cornell Life Science Core
Laboratory Center (CLC) for sequencing using a 2x250 paired-end format on an Illumina MiSeq
(Appendix S1). Raw sequence files for the microsatellite library have been deposited to NCBI’s
Short Read Archive (Bioproject No: PRJNA431197). A total of 58,907 contigs containing
microsatellite loci were obtained. For primer design, Msatcommander (v 1.0.3) (Faircloth, 2008)
identified 3,892 potentially unique primers that yielded products of 150-450 bp, had a GC
content between 30-70%, and that had a Tm between 58-62ºC, with an optimum of 60ºC
(Appendix S2).

Primer Optimization—
Prior to PCR optimization, contigs containing potential primers were aligned using
ClustalOmega to ensure they were targeting unique microsatellite regions (Sievers et al., 2011).
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We focused on 107 primer pairs that consisted of either tetrameric, trimeric, or dimeric motifs,
and yielded products between 150-300 bp. Of the 107 primer pairs that were tested, 73
successfully amplified, and 16 were determined to be polymorphic and easily scorable
(Appendix S3). DNA from leaf tissue collected from three populations (Zetterberg Preserve,
SBDNL, Petoskey State Park) along eastern Lake Michigan in 2016 was used for primer
optimization (population geographic details included as footnote on Table 1.2). A minimum of
30 tissue samples were collected from each population. Tissue storage and DNA extraction
methods are the same as previously stated.
PCR reactions consisted of 1x KCl buffer (Thermo Fisher, Waltham, Massachusetts,
USA), 2.0-2.5 mM MgCl2 depending on the locus (Thermo Fisher, Waltham, Massachusetts,
USA) (Table 1.1), 300 µM dNTP (New England BioLabs, Ipswich, Massachusetts, USA), 0.08
mg/mL BSA (Thermo Fisher, Waltham, Massachusetts, USA), 0.4 µM forward primer
fluorescently labeled with either FAM, VIC, NED, or PET (Applied Biosystems, Foster City,
California, USA), 0.4 µM reverse primer (Integrated DNA Technologies, Coralville, Iowa,
USA), 0.25 units of Taq polymerase (Thermo Fisher, Waltham, Massachusetts, USA), and a
minimum of 50 ng DNA template, all in a 10.0 µL reaction volume. The thermal cycle profile
consisted of 94˚C for 5 minutes followed by 35 cycles of 94˚C for 1 minute, primer-specific
annealing temperature (Table 1.1) for 1 min, 72˚C for 1 min, and a final elongation step of 72˚C
for 10 minutes. Successful amplification was determined by visualizing the amplicons on a 2%
agarose gel stained with ethidium bromide. Fragment analysis of the amplicons was performed
on an ABI3130xl Genetic Analyzer (Applied Biosystems, Foster City, California, USA).
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Microsatellite marker data analysis—
Alleles were scored using Genemapper v5 software (Applied Biosystems, Foster City,
California, USA), and the software Micro-Checker v2.2.3 was used to identify null alleles and
potential scoring errors from stuttering or large allele dropout (Van Oosterhout et al., 2004, Van
Oosterhout et al., 2006). There was no significant evidence of null alleles (p > 0.05) in the
Zetterberg Preserve and SBDNL populations. However, null alleles were suggested for loci
BB_3968, BB_5021, and BB_8681 in the Petoskey State Park population (Table 1.2).
Homozygote excess for Petoskey State Park is not surprising, given this population’s reduced
number of alleles at each locus and small comparative population size. We characterized genetic
diversity by examining the number of alleles, and expected and observed heterozygosity for each
locus averaged over each population (Table 1.2) using the package STRATAG in the R
statistical program (Archer et al., 2016). The number of observed alleles ranged from 1 – 10.
Some loci were monomorphic for one population, but polymorphic when analysis included all
populations (e.g., BB_4258).
The Zetterberg Preserve population displayed slightly higher heterozygosity values than
Sleeping Bear Dunes, but the Petoskey State Park population had much lower heterozygosity
values in comparison. A probability test for Hardy-Weinberg Equilibrium (HWE), calculation of
the fixation index (FIS), and linkage disequilibrium were performed in GENEPOP 4.2 (Raymond
and Rousset, 1995; Rousset, 2008). The default parameters of a Markov Chain Monte Carlo
(MCMC) iteration were used to calculate HWE. All loci were in HWE except locus BB_3968 for
SBDNL, and locus BB_21680 for Petoskey State Park (Table 1.2). The F IS estimates were
calculated using the probability model following Robertson and Hill (1984). Statistical tests for
genetic linkage disequilibrium were performed using the log likelihood ratio statistic (G-test) and
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MCMC algorithm by Raymond and Rousset (1995). Two pairs of loci were significantly out of
linkage disequilibrium (p < 0.05) for both Zetterberg Preserve and Sleeping Bear Dunes:
BB_5021 and BB_2888, and BB_3913 and BB_1355. Out of 16 loci, five successfully amplified
in a related species G. elegans (BB_4443, BB_4258, BB_7213, BB_5151, BB_1355) (Table
1.3).

CONCLUSIONS
The 16 microsatellite primers developed for G. paniculata provide a tool for estimating
genetic diversity and structure of invasive populations, which will aid in understanding its
invasion history, identifying source populations, and examining dispersal patterns. Though we
developed these markers to study the Lake Michigan dune system invasion, it is invasive
throughout North America. With these markers, we can begin to understand the invasion of G.
paniculata in North America in order to improve management efforts and prevent the further
spread of this species.
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DATA ACCESSIBILITY
A summary of the microsatellite library development and sequence analysis protocols
(unpublished data) provided to us by CU-EEB are in Appendix S1. Fasta sequences for the 16
microsatellite primers developed here are in Appendix S5. The fasta file listing all identified
contigs containing microsatellite regions are in Appendix S4. Potential primer pairs for the
identified microsatellite-containing contigs are in Appendix S2. The 107 G. paniculata – specific
primer pairs tested during primer optimization are in Appendix S3. Raw sequence files for the
microsatellite library have been deposited to NCBI’s Short Read Archive (Bioproject No:
PRJNA431197) and microsatellite sequences have been deposited to GenBank.
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GelegansA GelegansB GYEL01 GYEL02 GYEL07 GYEL08 GYEL09 GYEL12 GYEL13 GYEL15 GYEL18 GYEL19

G. elegans tissue sourced from individuals grown in greenhouse at AWRI-GVSU facilities.

BB_2888
BB_8681
BB_31555

BB_14751
BB_4258 160 - 169
BB_6627
BB_5021
BB_7213 161 - 171

BB_21680
BB_3968
BB_1355 209 - 222
BB_5151 202 - 205

BB_5567
BB_4443

BB_3335
BB_3913

Locus

Allele
size
range (bp)

Successful amplification (X) in each G. elegans individuals (n = 12).

Table 1.3. Results of cross - amplification of microsatellite loci isolated from Gypsophila paniculata and tested in 12 G. elegans individuals.
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ABSTRACT
Coastal sand dunes are dynamic ecosystems with elevated levels of disturbance, and as such they
are highly susceptible to plant invasions. One such invasion that is of major concern to the Great
Lakes dune systems is the perennial baby’s breath (Gypsophila paniculata). The invasion of
baby’s breath negatively impacts native species such as the federal threatened Pitcher’s thistle
(Cirsium pitcheri) that occupy the open sand habitat of the Michigan dune system. Our research
goals were to (1) quantify the genetic diversity of invasive baby’s breath populations in the
Michigan dune system, and (2) estimate the genetic structure of these invasive populations. We
analyzed 12 populations at 14 nuclear and 2 chloroplast microsatellite loci. We found strong
genetic structure among populations of baby’s breath sampled along Michigan’s dunes (global
FST = 0.228), and also among two geographic regions that are separated by the Leelanau
peninsula. Pairwise comparisons using the nSSR data among all 12 populations yielded
significant FST values. Results from a Bayesian clustering analysis suggest two main population
clusters. Isolation by distance was found over all 12 populations (R = 0.755, P < 0.001) and
when only cluster 2 populations were included (R = 0.523, P = 0.030); populations within cluster
1 revealed no significant relationship (R = 0.205, P = 0.494). The results suggest the possibility
of at least two separate introduction events to Michigan. These results provide an understanding
of the invasion history and factors contributing to invasion success.

Key words: Invasive species, genetic diversity, genetic structure, invasion history,
microsatellites, Gypsophila paniculata.
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INTRODUCTION
Coastal sand dunes are dynamic ecosystems. Both the topography and biological community are
shaped by disturbance from fluctuations in water levels, weather patterns, and storm events
(Arbogast and Loope 1999, Everard et al. 2010, Blumer et al. 2012). In these primary
successional systems, vegetation plays an imperative role in trapping sand and soil, both of
which accumulate over time and result in sand stabilization and dune formation (Cowles 1899,
Olson 1958, Arbogast 2015). Much of the vegetative community native to coastal dune systems
is adapted to the harsh conditions posed by the adjacent coast, and some species require early
successional, open habitat to thrive (Albert 2000; Everard et al. 2010). For example, dune species
such as Marram grass (Ammophila brevigulata), Lake Huron tansy (Tanacetum huronense), and
Pitcher’s thistle (Cirsium pitcheri) are adapted to sand burial and will continue to grow above the
sand height as it accumulates (Albert, 2000). It is the heterogeneous topography and successional
processes due to continuous disturbance that makes dune systems so unique (Everard et al.
2010).
Because coastal dune ecosystems have naturally elevated levels of disturbance, they are
highly susceptible to plant invasions (Jorgensen and Kollman 2009, Carranza et al. 2010, Rand et
al. 2015). Invasive plant species are known to be adept at colonizing disturbed areas, and in
sparsely-vegetated dune systems that are often in early stages of succession, the opportunities for
invasive colonizers are great (Cowles 1899, Grimes 1979, Baker, 1986, Sakai et al. 2001).
Coastal dune systems also typically have a gradient of increasing stages of succession (Cusseddu
et al. 2016) and this heterogeneous structure can further promote various stages of an invasion,
such as colonization, dispersal, and range expansion (With 2001, Theoharides and Dukes 2007).
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Within the Michigan dunes system, these successional processes have resulted in a patchwork
pattern with alternating areas of open dune habitat, interdunal swales, shrub-scrub, and forested
pockets scattered across the landscape (Cowles 1899, Albert 2000, Blumer et al. 2012). This
landscape structure can play an important role in shaping species migration, invasive spread, and
population demographics (With 2001, Theoharides and Dukes 2007, Jorgensen and Kollman
2008), thus potentially driving patterns of population structure for invasive species. However,
management of dune communities can also have a strong impact on invasive populations, as well
as the native plant community and the landscape they are invading. Invasive beach grasses
Ammophila breviligulata and A. arenaria, and the management practices used to reduce their
impact, led to changes in the morphology of the coastal dune ecosystem by decreasing the
maximum dune elevation (Zarnetske et al 2010). Thus, just as a landscape can shape invasive
populations, a species invasion can significantly alter the dune landscape (Grimes 1979, Cowles
1899, Sakai et el. 2001, Zarnetske et al. 2010).
In addition to the landscape, demographic processes during a species invasion also shape
the genetic structure observed in contemporary populations. Multiple separate introduction
events can result in contemporary populations that are genetically different from one another and
from the native range (Dlugosch and Parker 2008, Crosby et al. 2014, Hagenblad et al. 2015).
Bottleneck events during an introduction can further limit the genetic variation in the invasive
range, though this has not necessarily been found to limit the success of an invader (Dlugosch
and Parker 2008, Xu et al. 2015). Additionally, genetic admixture and inbreeding can lead to
highly-structured populations, and the effect of these processes can be further influenced by the
landscape structure and habitat heterogeneity (Crosby et a. 2014, Nagy and Korpelainen 2014,
Moran et al. 2017, Bustamante et al. 2018). Observed levels of genetic variation and population
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structure can be used to better understand a species’ invasion history and the factors contributing
to successful biological invasions (Crosby et a. 2014, Piya et al. 2014, Sakata et al. 2015, Moran
et al. 2017).
Perennial baby’s breath (Gypsophila paniculata) has been identified as a species of
concern due to its impact on the integrity of the Michigan dune system (DNR 2015). A perennial
iteroparous forb native to the Eurasian steppe region (Darwent and Coupland 1966), baby’s
breath has been found to negatively impact the coastal dune community in Michigan by
crowding out sensitive species such as Pitcher’s thistle (Cirsium pitcheri) through direct
competition for limited resources, forming monotypic stands in the open dune habitat, preventing
the reestablishment of native species, and limiting pollinator visits to native species (Baskett et
al. 2011, Jolls et al. 2015, Emery and Doran 2013). Baby’s breath dispersal is thought to be
primarily wind-driven (Darwent and Coupland 1966), which is also the mechanism that shapes
the dunes. Following seed maturity, the stems of baby’s breath individuals become dry and
brittle, breaking at the caudex and forming tumbleweed masses that can disperse roughly 10,000
seeds per plant up to 1 km (Darwent and Coupland 1966). Due to the topography and the
heterogeneous habitat of the dune systems, the wind patterns of this landscape have the potential
to shape the structure of invasive baby’s breath populations. Wind can drive the direction and
distance that baby’s breath tumbleweeds are dispersing, and it is possible that wind patterns
could both promote gene flow or limit it by driving tumbleweeds into undesirable habitat.
Additionally, the steep topography in parts of the dunes could be preventing the tumbleweeds
from dispersing significant distances. With these interactive processes in mind, this study
explored the genetic structure of invasive populations of baby’s breath within the Michigan
coastal dune system. The goals of this research were to (1) quantify the genetic diversity of
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invasive baby’s breath populations in the Michigan dune system, and (2) estimate the genetic
structure of these invasive populations. By estimating the genetic variation and structure of these
invasive populations, we can better understand the impact of the landscape and its dynamic
processes on the invasion history and success of this plant invasion.

METHODS
Study area and sample collection
To determine population structure on a regional scale in Michigan, we collected leaf tissue
samples from plants at 12 different sites in the summers of 2016 – 2017. All sites were located in
areas of known infestation along the dune system of Michigan (Figure 2.1), and the majority
have a history of treatment primarily by The Nature Conservancy, the Grand Traverse Regional
Land Conservancy, and the National Park Service (TNC 2013). Eleven sites were located along
Lake Michigan in the northwest lower peninsula of Michigan, and one was located on Lake
Superior in the upper peninsula. We collected leaf tissue samples (5-10 leaves per individual)
from a minimum of 20 individuals per site (maximum of 35), and stored them in individual coin
envelopes in silica gel until DNA extractions took place (total n = 313). Site locations in
Michigan (Table 2.1) were separated by a minimum of 10 km and a maximum of 202 km. We
subjectively chose individuals to be sampled by identifying a visibly infested area, selecting
individuals regardless of size, and walking a minimum of ca. 5 meters in any direction before
choosing another plant to minimize the chance of sampling closely related individuals. We
observed that the number of individuals at the Petoskey State Park site was smaller and patchier
than the others (~60 individuals total), so we conducted sampling more opportunistically. This
opportunistic sampling involved collecting tissue from individuals that were less than 5 m apart,
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and in some areas sampling from all individuals (ca. 3 – 4 individuals) within a small patch (ca.
5m x 5m).

Microsatellite genotyping
We extracted genomic DNA from all samples using DNeasy plant mini kits (QIAGEN, Hilden,
Germany) and followed supplier’s instructions with minor modifications, including an extra
wash step with AW2 buffer. We then ran the extracted DNA twice through Zymo OneStep PCR
Inhibitor Removal Columns (Zymo, Irvine, CA) and quantified the concentrations on a
Nanodrop 2000 (Waltham, Massachusetts, USA). We included deionized water controls in each
extraction as a quality control for contamination.
We amplified samples at 14 polymorphic nuclear microsatellite loci (hereafter nSSRs)
that were developed specifically for analysis of G. paniculata using Illumina sequencing
technology (Table 2.2) (Leimbach-Maus et al. in prep). We conducted polymerase chain
reactions (PCR) using a forward primer with a 5’-fluorescent labeled dye (6-FAM, VIC, NED, or
PET) and an unlabeled reverse primer. PCR reactions consisted of 1x KCl buffer, 2.0-2.5 mM
MgCl2 depending on the locus, 300 µM dNTP, 0.08 mg/mL BSA, 0.4 µM forward primer
fluorescently labeled with either FAM, VIC, NED, or PET, 0.4 µM reverse primer, 0.25 units of
Taq polymerase, and a minimum of 50 ng DNA template, all in a 10.0 µL reaction volume
(Leimbach-Maus et al. in prep). The thermal cycle profile consisted of denaturation at 94˚C for 5
minutes followed by 35 cycles of 94˚C for 1 minute, annealing at 62˚C for 1 min, extension at
72˚C for 1 min, and a final elongation step of 72˚C for 10 minutes.
Each sample was also amplified at 2 universal chloroplast microsatellite loci (hereafter
cpSSRs) previously developed for Nicotiana tabacum L. (Chung and Staub 2003) (ccssr4,
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ccssr9) (Table 2.2). PCR reaction details and fragment lengths from Calistri et al. (2014) were
used for G. paniculata. PCR reactions were conducted using a forward primer with a 5’fluorescent labeled dye (Applied Biosystems, Foster City, CA) and an unlabeled reverse primer.
PCR reactions for the cpSSRs are the same as detailed above for the nuclear loci. The thermal
cycler profile for cpSSRs is as follows: denaturation at 94˚C for 5 minutes followed by 30 cycles
of 94˚C for 1 minute, annealing at 52˚C for 1 minute, extension at 72˚C for 1 minute, and a final
elongation step of 72˚C for 8 minutes.
We determined successful amplification by visualizing the amplicons on a 2% agarose
gel stained with ethidium bromide. We multiplexed PCR amplicons according to dye color and
allele size range (Table 2.2), added LIZ Genescan 500 size standard, denatured with Hi-Di
Formamide at 94˚C for four minutes, and then performed fragment analysis on an ABI3130xl
Genetic Analyzer (Applied Biosystems, Foster City, CA) following instrument protocols. We
genotyped individuals using the automatic binning procedure on Genemapper v5 (Applied
Biosystems, Foster City, CA), and constructed bins following the Genemapper default settings.
To account for the risk of genotyping error when relying on an automated allele-calling
procedure, we visually verified that all individuals at all loci were correctly binned to minimize
errors caused by stuttering, low heterozygote peak height ratios, and split peaks (DeWoody et al.
2006, Guichoux et al. 2011).

Quality control
Prior to any analysis, we used multiple approaches to check for scoring errors (DeWoody et al.
2006). We checked nSSR genotypes for null alleles and potential scoring errors due to stuttering
and large allele dropout using the software Micro-Checker v2.2.3 (Van Oosterhout et al. 2004,
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Van Oosterhout et al. 2006). Prior to marker selection, the loci used in this study were previously
checked for linkage disequilibrium (Leimbach-Maus et al. in prep). We checked for heterozygote
deficiencies in the package STRATAG in the R statistical program. We then screened our data
for individuals with more than 20% missing loci and for loci with more than 10% missing
individuals (Gomes et al. 1999; Archer et al. 2016). We found none, so all individuals and loci
remained for further analyses. In addition, we genotyped 95 individuals twice to ensure
consistent allele calls. For the nSSR dataset, we used Genepop 4.2 (Raymond and Rousset 1995,
Rousset 2008) to perform an exact test of Hardy-Weinberg Equilibrium (HWE) with 1000
batches of 1000 Markov Chain Monte Carlo iterations (Gomes et al. 1999). We also checked for
loci out of HWE in more than 60% of the populations; however, there were none.

nSSR genetic diversity
We calculated the total number of alleles per sampling location, private alleles, observed and
expected heterozygosity in GenAlEx 6.502 (Peakall and Smouse 2006, 2012), and estimated the
inbreeding coefficient (FIS) in Genepop 4.2 (Raymond and Rousset 1995, Rousset 2008). We
used the package diverSity in the R statistical program to calculate the allelic richness at each
sampling location (Keenan et al. 2013).

nSSR genetic structure
To test for genetic differentiation between all pairs of sampling locations, we calculated Weir
and Cockerham’s (1984) pairwise FST values for 9999 permutations in GenAlEx 6.502 (Peakall
and Smouse 2006, 2012). In the R statistical program, we corrected the p-values using a false
discovery rate (FDR) correction (Benjamini and Hochberg 1995). To test how much of the
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genetic variance can be explained by within and between population variation, we ran an
analysis of molecular variance (AMOVA) for 9999 permutations in GenAlEx 6.502 (Peakall and
Smouse 2006, 2012).
To examine the number of genetic clusters among our sampling locations, we used the
Bayesian clustering program STRUCTURE v2.3.2 (Pritchard et al. 2000). Individuals were
clustered assuming the admixture model both with and without a priori sampling location for a
burnin length of 100,000 before 1,000,000 repetitions of MCMC for 10 iterations at each value
of K (1 – 16). The default settings were used for all other parameters. We identified the most
likely value of K using the Ln Pr(X|K) from the STRUCTURE output and the ∆K method from
Evanno et al. (2005) in CLUMPAK (Kopelman et al. 2015). This initial STRUCTURE analysis
of all 12 populations identified strong genetic structure patterns, so to test for more subtle
population structure that may be present, we ran a separate STRUCTURE analysis within each
of the previously identified clusters. These next two analyses followed the same parameters as
the first STRUCTURE run, assuming the admixture model without a priori sampling location for
a burnin length of 100,000 before 1,000,000 repetitions of MCMC for 10 iterations at each value
of K (1–4 and 1–11, respectively). The default settings were used for all other parameters. We
identified the most likely value of K using the Ln Pr(X|K) from the STRUCTURE output and the
∆K method from Evanno et al. (2005) in CLUMPAK (Kopelman et al. 2015).
To further explore the genetic structure of these populations, we ran a Principal
Coordinates Analysis (PCoA) in GenAlEx 6.502, where the analysis was based on an individual
pairwise genotypic distance matrix (Peakall et al. 1995, Smouse and Peakall 1999). To find and
describe finer genetic structuring of the nSSR dataset, we performed a discriminant analysis of
principal components (DAPC) in the R package adegenet, which optimizes among-group
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variance and minimizes within-group variance (Jombart 2008, Jombart et al. 2010). To identify
the number of clusters for the analysis, a Bayesian clustering algorithm was run for values of K
clusters (1 – 16). We retained a K-value of 3 to explore any substructuring of the nSSR data.
DAPC can be beneficial, as it can limit the number of principal components (PCs) used in the
analysis. It has been shown that retaining too many PCs can lead to over-fitting and instability in
the membership probabilities returned by the method (Jombart et al. 2010). Therefore, we
performed the cross-validation function to identify the optimal number of PCs to retain.
To assess the effect of isolation by distance (IBD), we used a paired Mantel test based on
a distance matrix of Slatkin’s transformed FST (D = FST/(1 – FST)) (Slatkin 1995) and a
geographic distance matrix for 9999 permutations in GenAlEx 6.502, and the analysis follows
Smouse et al. (1986) and Smouse and Long (1992). The mean geographic center was generated
for each sampling location in ArcGIS software (ESRITM 10.4.1), and the latitude and longitude
of these points was then used to construct a matrix of straight line distances in km between each
sampling location. The reported p-values are based on a one-sided alternative hypothesis (H1: R
> 0). A Mantel test was run for all sampling locations together, and a test was also run separately
for populations within each cluster identified in the STRUCTURE analysis.

cpSSR genetic diversity
For the cpSSR dataset, we used the program HAPLOTYPE ANALYSIS v1.05 (Eliades and
Eliades 2009) to calculate the number of haplotypes, haplotype richness, private haplotypes,
haploid diversity. To visualize patterns in the cpSSR dataset, we created a minimum spanning
network in the R package poppr (Kamvar et al. 2014). Nei’s genetic distance was used as the
basis for the network with a random seed of 9,999.
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nSSR and cpSSR genetic structure
In order to compare the population structure of the nSSR and cpSSR data, we used the 𝚽ST
distance matrix for both datasets and ran an AMOVA. The population pairwise 𝚽ST matrix
facilitates comparison of molecular variance between codominant and dominant data by
suppressing within individual variation, thus allowing for the comparison between varying
mutation rates (Weir and Cockerham 1984, Excoffier et al. 1992). To test how much genetic
variation could be explained by within populations, between populations, and between regions
(genetic clusters identified through STRUCTURE analysis) for both datasets, we ran an
AMOVA for 9, 999 iterations in GenAlEx 6.502 (Peakall and Smouse 2006, 2012).

RESULTS
Microsatellite genotyping and genetic diversity
We genotyped 313 individuals from 12 locations at 14 nSSR loci (Table 2.2). No loci showed
evidence for null alleles across all populations, there were no loci with more than 4 populations
significantly out of HWE (less than 30% of populations) (Table 2.3), and no loci significantly
deviated from linkage equilibrium across all populations. The nSSR loci were moderately
polymorphic, and the number of alleles per locus per population ranged from 1 – 11, with a total
of 85 alleles across 14 loci. Allelic richness (AR) ranged from 2.32 – 4.21 per population with a
mean of 3.53, and GM, PS, and TC populations exhibited lower levels of AR than the other
populations. Of the 6 private nSSR alleles identified, 5 were at low frequencies – occurring in
five or fewer individuals, but the private nSSR allele in the GM population occurred in over 60%
of individuals. Overall, the observed heterozygosity (H O) averaged over loci for each population
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ranged from 0.25 – 0.56 with a mean of 0.46, and the 3 northernmost populations (GM, PS, TC)
had lower diversity in general. Expected heterozygosity (HE) ranged from 0.30 – 0.57 across
populations, with a mean of 0.49. GM and AD populations deviated significantly from HWE (P
< 0.05). GM had a higher inbreeding coefficient (Table 2.3), but this could be attributed to our
limited area in which to sample.
Both cpSSR loci were polymorphic, with 3 alleles per locus for a total of 6 alleles, and
the number of alleles per population ranged from 2 – 4 with an average of 2.50 (Table 2.3). All
alleles together resulted in 5 haplotypes. There were between 1 – 3 haplotypes per population for
a haplotype richness ranging from 0.00 – 2.00, with a mean of 0.41 per population. Haploid
diversity ranged from 0.00 – 0.58 with a mean of 0.10 per population. One allele and haplotype 2
were both unique to the SB and ZP sampling locations, and another allele and haplotype 4 were
both private to five individuals sampled in GM, which occurred in a separate sampling location
from the rest of the individuals in GM.

Genetic structure
The nSSR data suggested that there is strong genetic structure among the populations and regions
of baby’s breath sampled along the dunes of western and northern Michigan (global F ST = 0.228).
Pairwise comparisons using the nSSR data among all 12 populations yielded significant FST
values after a FDR correction (Benjamini and Hochberg 1995) (Table 2.4). However, all
pairwise comparisons of populations within Sleeping Bear Dunes National Lakeshore (hereafter
Sleeping Bear Dunes or SBDNL) (GHB, SBP, DC, DP, EB, PB, SB) and nearby ZP displayed
relatively lower pairwise FST values (Table 2.4), suggesting that there is some gene flow among
these populations. The AMOVA based on the nSSR data also found that a significant amount of
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the genetic variation could be explained by differences between populations in the northern
region (GM, PS, TC) and populations in the southern region (GHB, SBP, DC, DP, EB, PB, SB,
ZP, AD) (FCT = 0.144, P < 0.0001), as well as among populations within regions (F SC = 0.097, P
< 0.0001). However, the majority of the genetic variance was explained by among population
differences (FST = 0.228, P < 0.0001).
The Bayesian clustering analysis from the program STRUCTURE (Pritchard et al. 2000)
partitioned the population into two clusters (K = 2) (Figure 2.2), inferred from both Ln Pr(X|K)
and Evanno’s ∆K (Supplemental Figure C). This analysis was run without inferring any prior
information on sampling location, and then again with sampling information as prior. No
differences were observed between the two results (without priors shown in Figure 2.2). Cluster
1 is comprised of the northernmost populations (GM, PS, TC), and cluster 2 includes all other
populations. However, five individuals in the GM population (cluster 1) were assigned to cluster
2 (assignment probability > 90%), and these individuals were located at a separate sampling
location from the rest in GM. In addition, though there is little admixture overall, several
individuals in the GM, TC, EB, and AD populations showed a higher proportion of admixture
among the two clusters. We ran subsequent STRUCTURE analyses on each of the two original
identified clusters to further explore population substructuring (Supplemental Figures A and B).
Results of the analysis of cluster 2 (Supplemental Figure A) suggest that it can be further broken
down into two additional population groups (K = 2), inferred from both Ln Pr(X|K) and
Evanno’s ∆K (Supplemental Figure D). This suggests that the main cluster 2 can be further
separated, as the individuals in the AD population were assigned to a separate additional cluster
(Supplemental Figure A). Results of the analysis of cluster 1 (Supplemental Figure B) suggest
that it can be further broken into three additional population groups (K = 3), inferred from both
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Ln Pr(X|K) and Evanno’s ∆K (Supplemental Figure E). The GM population clustered separately
from the rest, and the five individuals that were sampled within the GM site also clustered
separately from the rest of the individuals, with individuals of the PS and TC populations
clustering together (Supplemental Figure B).
The Principal Coordinates analysis (PCoA) based on an individual pairwise genotypic
distance matrix highlighted population substructuring (Figure 2.3). Individuals in the AD
population expanded along both principal coordinates away from individuals assigned to the
original STRUCTURE cluster 2 (Figure 2.2). In addition, the scatterplot supported the strong
grouping of individuals in GM, PS, and TC together.
A Discriminant Analysis of Principal Components (DAPC) scatterplot (Figure 2.4a)
grouped individuals into three clusters along two axes, supporting the substructuring illustrated
in the PCoA. While the PCoA illustrated global diversity found in the nSSR dataset, the DAPC
optimizes between group variance. DAPC can benefit from not using too many principal
components (PCs), and we ran a cross-validation to identify how many PCs to retain. However,
out of 69 total PCs, the cross-validation function suggested we retain 60 PCs (Jombart et al.
2010). We ran the DAPC using the recommended 60 PCs, but also checked if the general
patterns remained with fewer PCs used by running the analysis with incrementally less PCs (45
and 30 PCs). All general patterns of the data in the scatterplots remained consistent despite the
decreased PCs; therefore, we chose to use the scatterplot based on 30 PCs, as the benefit of the
DAPC for our purposes is to show that the main patterns remain, despite minimization of within
population variation (Jombart et al. 2010). Figure 2.4b shows the overlap between the
distributions of individuals in DAPC clusters 2 and 3 along the first discriminant function,
suggesting little distance between them. The membership of individuals of each population to the
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three illustrated clusters can be seen in Figure 2.4c. This visualization of the data further
highlights the more subtle structure of baby’s breath populations in the dunes system of
Michigan.
A Mantel test for isolation by distance (IBD) performed over all populations found a
significant correlation between genetic and geographic distances (R = 0.755, P < 0.001) (Figure
2.5a). Upon further exploration of this correlation through separate Mantel tests within each
identified STRUCTURE cluster, we found a significant correlation within cluster 2 (Figure 2.5c)
(R = 0.523, P = 0.030), but no significant correlation within cluster 1 (Figure 2.5b) (R = 0.205, P
= 0.494).
The AMOVA based on 𝚽ST distance (Table 2.5) facilitated the comparison between the
nSSR and cpSSR data, which resulted in a significant amount of the genetic variation explained
by differences among regions (𝚽CT), among populations within regions (𝚽SC), and within
populations (𝚽ST) for both data sets (P < 0.0001). Both datasets also showed that most of the
variation was explained by within population differences (nSSR 𝚽ST = 0.355, cpSSR 𝚽ST =
0.736, P < 0.0001).
For the cpSSR markers, the minimum spanning network illustrates the distribution of
haplotypes across the 12 populations (Figure 2.6). Five haplotypes were found; Haplotype 1 was
the most common, but only occurred in the SBDNL and ZP populations (GHB, SBP, DC, DP,
EB, PB, SB, ZP). Haplotype 2 was private to the SB and ZP populations, but rare, occurring in
one and two individuals, respective to the populations. Haplotype 3 was private to the five GM
individuals located separately. Haplotype 4 was private to SB, ZP, and AD populations, and
occurred in all AD individuals, but was less common in the SB and ZP populations. Haplotype 5
was private to GM, PS, and TC populations, occurring in all individuals. Due to the limited
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number of polymorphic cpSSRs found for this study, caution should be used when interpreting
these results. Genetic distance of the cpSSR dataset was estimated primarily to use as a
complement to the nSSR analysis, to better understand gene flow among populations.

DISCUSSION
The natural disturbance regime of dynamic sand dune systems can result in a pattern of
fragmented habitat and often sparse vegetative cover, making dune ecosystems highly
susceptible to plant invasions (Jorgensen and Kollman 2009, Carranza et al. 2010, Rand et al.
2015). The topography, geographic distribution of preferred habitat, and disturbance regime in
an ecosystem can influence various stages of a species invasion, including where the plant
establishes, its dispersal patterns, and how densely it grows (With 2001, Theoharides and Dukes
2007). In addition, the demographic processes of an introduction event can shape contemporary
population dynamics (Dlugosch and Parker 2008, Estoup and Guillemaud 2010). The invasion of
baby’s breath in the Michigan dune system is an opportunity to better understand the genetic
structure of an invasive species, and how the dynamic landscape of a dune system may be
shaping it. Our results indicate variation in genetic diversity among populations, as well as strong
genetic structure that clusters individuals into two distinct groups. These two groups are
separated by a peninsula that could be limiting gene flow between the two groups, causing this
genetic separation.
We observed moderate levels of nuclear and chloroplast genetic diversity across
populations of baby’s breath throughout the dune system of Michigan (Table 2.5). However,
genetic diversity in our northern-most populations (Grand Marais, Petoskey State Park, and
Traverse City) was typically lower compared to that found in the populations in Sleeping Bear
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Dunes, Zetterberg Preserve, and Arcadia Dunes. Differences in the level of genetic diversity
among these regions could be due to differences in population size. Sleeping Bear Dunes is a
largescale infestation and has some of the highest densities of baby’s breath found within the MI
coastal dunes (TNC 2013), consisting of up to 80% of the vegetation and covering hundreds of
acres in some areas. The Grand Marais, Petoskey State Park, and Traverse City populations are
much smaller than those found in Sleeping Bear Dunes, with continuous populations often
limited to less than 45 acres (TNC 2012 internal report). These smaller populations could be
more affected by the impact of genetic drift and potential inbreeding, resulting in the observed
lower levels of genetic diversity (Ellstrand and Elam 1993, Young et al. 1996, Keller and Waller
2002).
The level of isolation between Grand Marais, Petoskey State Park, and Traverse City
could also be contributing to the lower levels of genetic diversity observed in these areas
compared to other populations. FST values among these three populations ranged from 0.121 –
0.221, which is much higher than the FST range observed between the Sleeping Bear Dunes,
Zetterberg Preserve, and Arcadia Dunes populations (0.041 – 0.137). This suggests that our
northern-most populations may have less gene flow between neighboring populations. This could
be the result of larger geographic distances between these locations. For example, Grand Marais
is located in Michigan’s upper peninsula while Petoskey State Park and Traverse City are located
in the lower peninsula. Higher levels of isolation could also be a result of decreased availability
of suitable habitat, which may be more limited between these areas. Sleeping Bear Dunes and
nearby surrounding areas make up a large contiguous amount of land that has been preserved by
the National Parks Service, The Nature Conservancy and other local land conservancies. Thus,
the dune habitat is often continuous, with limited human development. On the other hand,
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Traverse City, Petoskey State Park and Grand Marais areas have more human development along
the lakeshore, which may provide additional barriers to gene flow among these populations.
Management histories could also be contributing to the differences in genetic variation
seen among these populations of baby’s breath. The entire Petoskey State Park population was
treated with herbicide or manual removal from 2007 – 2012 by The Nature Conservancy. At this
time, managers considered the population to be at a desirable management level, and it has been
unmanaged since (TNC 2012 internal report). It is possible that the intensive management
resulted in a population bottleneck, and the population rebound following 2012 came from a
reduced number of individuals, leading to the reduced genetic variation that we observe today.
However, this is probably not the only reason for the lower levels observed. The Arcadia Dunes
and Zetterberg Preserve populations have also been regularly managed since 2004 and 2007,
respectively, so if management is solely driving these patterns we would expect Arcadia Dunes
and Zetterberg Preserve to also have reduced genetic diversity. Although the Arcadia Dunes
population does have the lowest allelic richness and heterozygosity of all the populations in
cluster 2 (Figure 2.2), both populations have relatively high genetic variation despite over ten
years of management. It is possible that higher levels of gene flow between these populations
and those in Sleeping Bear Dunes may be helping to maintain genetic diversity. F ST values
between Zetterberg Preserve and other populations in Sleeping Bear Dunes range from 0.017 –
0.090, suggesting some gene flow, particularly with the population at the southern boundary
(SB) of Sleeping Bear Dunes. Furthermore, infestations on private properties adjacent to
Zetterberg Preserve have presumably buffered the population sizes. Given Petoskey State Park’s
geographic distance from Sleeping Bear Dunes, limited gene flow between them would prevent
the maintenance of high genetic diversity after intense management.
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The topography and habitat heterogeneity of the dune system likely contributes to the
pattern of population structure of baby’s breath throughout the Michigan dunes. Habitat
heterogeneity can drive population structure, with variation in habitat type within the dunes
acting as barriers to dispersal (Henry et al. 2009, Fant et al. 2014). Baby’s breath is typically
found in open back dune habitat, but has also been found in the fore dunes close to the lake
beach and on steep dune sides. However, forested areas that are part of the back dunes have been
identified by land managers as barriers between populations, preventing population spread of
baby’s breath (personal communication, Shaun Howard and Jon Throop). This can lead to
populations in relatively close proximity to one another showing high levels of genetic
differentiation. For example, the Empire Bluff population is located on the tip of a dune bluff: a
small visitor outlook point surrounded by forest, and seems to be isolated from nearby
populations. Despite its geographic proximity to Platte Bay (8.22 km), it is more genetically
similar to Sleeping Bear Point, a population 12.73 km away (F ST = 0.106 and FST = 0.069
respectively).
A Mantel test for isolation by distance (IBD) revealed a moderate positive relationship
between nSSR genetic distances (based on transformed pairwise FST values) and geographic
distances (straight-line distances in km) of all populations (Figure 2.5a), and was also found for
the analysis of populations in STRUCTURE cluster 2 (Figure 2.5c). However, when examining
the IBD relationship within cluster 1 from the STRUCTURE analysis, this positive relationship
is not significant (Figure 2.5b). If IBD best described the distribution of genetic variation along
the coast of Michigan, we would expect to see a gradient of genetic similarity following the
coastal dunes along a North-South axis within each cluster. We attribute the overall significant
relationships found (Figure 2.5a and 2.5c) to the strong genetic differences between populations
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in the two main clusters. Additionally, the IBD found in cluster 2 is likely driven by the genetic
difference of the Arcadia Dunes population in comparison to the Zetterberg Preserve and
Sleeping Bear Dunes populations. Though geographic distance could be influencing more subtle
structuring of these populations, the isolating effect of the topography within the dunes could
have an effect that overrides that of geographic distance. These results further support the strong
regional differences between the two clusters identified in the Bayesian analysis (Figure 2.2).
Furthermore, the admixture patterns among the two clusters, specifically related to the Grand
Marais, Traverse City, Empire Bluff, and Arcadia Dunes populations, could be contributing to
the lack of IBD found when all populations were included.
The tumbleweed mechanism of dispersal that baby’s breath employs could be an
effective means to disperse seeds, but it is possible that the strong topographical structure, habitat
heterogeneity and variable weather patterns within the dunes impact seed dispersal for gene flow
more so than pollination. Baby’s breath has been found to attract a diverse array of pollinator
species (Baskett et al. 2011, Emery and Doran 2013), sometimes at the expense of native plant
pollination, while seed dispersal is primarily limited to wind driven tumbleweeds that form once
the upper foliage senesces. The variation in 𝚽ST values between the two marker types (nSSR 𝚽ST
= 0.355, cpSSR 𝚽ST = 0.736) indicates that barriers to seed dispersal may be more limiting for
gene flow than pollination. Darwent and Coupland (1966) also suggested that though seeds could
be dispersed up to 1 km, many of the seeds were released from the fruit capsules near the parent
plant prior to the stems tumbling. This could result in strong population structure due to a lower
frequency of migrants. Therefore, the elements of the dune ecosystem that make it so dynamic
could be impacting gene flow through seed dispersal by further limiting the plant’s ability to
spread throughout the landscape. However, the comparison of cpSSR to nSSR results should be
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taken with some caution, as we had a limited number of polymorphic cpSSR markers. Though
we chose to use microsatellites within the chloroplast genome to increase the likelihood of
polymorphism, we still found these regions to be well-conserved and with limited variation
in our dataset. Therefore, we cannot rule out the possibility of fragment size homoplasy
confounding results of low genetic diversity in some populations (Bang and Chung 2015).

Structure analysis
Our results from the Bayesian clustering analysis in STRUCTURE (Pritchard et al. 2000,
Evanno et al. 2005) separate the populations of baby’s breath along the Michigan coastal dunes
separate into two genetic clusters (K = 2) (Figure 2.2). A similar pattern was found when the
nSSR dataset was analyzed using a PCoA (Figure 2.3) and a DAPC (Figure 2.4), with the
exception that the individuals of the Arcadia Dunes population further separated from the
Sleeping Bear Dunes and Zetterberg Preserve individuals in these analyses. The clusters are
mainly divided into the Traverse City, Petoskey State Park, and Grand Marais cluster (cluster 1)
and the Sleeping Bear Dunes populations, Zetterberg Preserve, and Arcadia Dunes cluster
(cluster 2). The distribution of cpSSR haplotypes (Figure 2.6) across populations further
illustrates the strong genetic clusters present in this dataset. Specifically, some haplotypes are
only found in certain populations and in within each main population cluster. Haplotypes 1, 2,
and 4 only occur in populations in cluster 2. Haplotypes 3 and 5 only occur in cluster 1, with
haplotype 3 being private to the five individuals in Grand Marais that were located separately
from the rest of those sampled at this location (Figure 2.6). The two distinct population clusters
are separated by the Leelanau peninsula, which may be helping to limit gene flow among these
clusters. This partitioning of cpSSR haplotypes could be due to seed dispersal limitations from
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habitat fragmentation, unsuitable habitat, and land use, as the peninsula is comprised mainly of
private residential properties along the narrow shoreline.
Understanding the invasion history of a species can help shed light on the factors and
processes that contributed to the success of the species establishment. For baby’s breath, it has
been assumed that invasive populations were the result of ornamental plants escaping from
gardens or being purposely planted for horticultural means (personal communication with TNC
managers). Whether the clusters we observed for our dataset are the result of independent
introductions or the result of one introduction followed by serial invasions is not known. Given
that populations along coastal Michigan cluster into two distinct groups, either scenario is
possible (Lombaert et al. 2018). In the serial invasion scenario, a founder population would have
colonized one site in the Michigan coastal dunes, and then migrants from that population would
have invaded subsequent areas (Lombaert et al. 2018). Over time, with limited gene flow, these
populations could have become distinct and structured. However, we think this scenario may not
be the best explanation for this invasion. Based upon herbarium records, the first occurrence of
baby’s breath in northwest Michigan was recorded in 1913 in Emmet County where Petoskey
State Park is located (Emmet Co., 1913, Gleason s.n., MICH). Records from Leelanau and
Benzie counties, where Sleeping Bear Dunes, Zetterberg Preserve and Arcadia Dunes are
located, were not collected until the late 1940’s (Leelanau Co., 1947, P.W. Thompson L-302,
MICH). If Petoskey State Park was the founding population for this invasion, we would expect
higher genetic diversity in this population relative to those in Sleeping Bear Dunes, Zetterberg
Preserve, and Arcadia Dunes, since a serial introduction would result in additional bottlenecks
from the founding population. However, we observed the opposite pattern of genetic diversity.
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Additionally, there are private cpSSR haplotypes to each of these clusters (Figure 2.6), a pattern
we would not expect to see if all the populations came from one introduction event.
The other invasion scenario describes at least two independent introductions to the
Michigan coastal dunes (Lombaert et al. 2018). In this scenario, we would expect strong genetic
differentiation between the two or more founding populations. Our data supports this, as we
observed both nSSR and cpSSR alleles privately shared only between populations within the
same cluster. In addition, for the cpSSR markers, distinct haplotypes were found between the
two regions, with haplotype 5 only observed in the Grand Marais, Petoskey State Park, and
Traverse City cluster while haplotypes 1, 2, and 4 were only found in the Sleeping Bear Dunes,
Zetterberg Preserve, and Arcadia Dunes cluster. There was also a high proportion of nSSR
alleles common to both clusters, but this could be the result of limited genetic diversity in the
initial source populations (Allendorf and Lundquist 2003). This scenario is particularly plausible,
as the source populations would likely be a type of horticultural strain, given the popularity of
perennial baby’s breath in the floral industry (Vettori et al. 2013, Calistri et al. 2014). This
hypothesis of at least two independent introductions also agrees with the herbarium record: a
potential introduction event could have occurred in the early 1910’s, leading to cluster 1 (GM,
PS, TC), and a separate introduction event could have occurred in the late 1940’s, leading to the
establishment of the populations in Zetterberg Preserve and Sleeping Bear Dunes (cluster 2).
In addition to supporting the identified patterns in the nSSR dataset produced from the
STRUCTURE analysis, the PCoA and DAPC (Figures 2.3 and 2.4) allowed us to identify more
subtle population structuring. Specifically, the PCoA (Figure 2.3) illustrates the Arcadia Dunes
population separating from the other populations along principal coordinate 2. The DAPC
(Figure 2.4) also shows the subtler variation among populations within the Sleeping Bear Dunes
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populations (specifically Figure 2.4c), and continues to support the segregation of the Grand
Marais, Petoskey State Park, and Traverse City populations from the rest that we see in the
STRUCTURE analysis (Figure 2.2). Variation in allele frequencies and decreased allelic
richness are two factors that could explain the divergence of the Arcadia Dunes population in the
PCoA (Figure 2.3). There are no private alleles or other obvious patterns causing this population
to cluster separately from nearby populations (Zetterberg Preserve and South Boundary in
Sleeping Bear Dunes). The higher rates of admixture between the two main clusters in Arcadia
Dunes individuals (Figure 2.2) could also be a reason for its slight divergence from cluster 2.
However, what is driving this potential higher level of admixture in the Arcadia Dunes
population compared to others is currently unknown. Arcadia Dunes is a popular recreation area
among locals and tourists (personal communication Jon Throop, Grand Traverse Regional Land
Conservancy). Additionally, the autumn season brings about a high volume of foot traffic
through all the dune areas of Michigan. It is possible that people may be accidentally
transporting baby’s breath seeds between these otherwise isolated populations, as the seed
phenology coincides with the autumn senescence. While human transport of seeds may be
occurring at other locations as well, Arcadia Dunes is a small enough population that newly
introduced genotypes could have a higher likelihood of being detected from sampling relative to
other larger populations, such as one in Sleeping Bear Dunes.
The invasion of baby’s breath to the Great Lakes has the potential to disrupt the
dynamism of the dune landscape and biological community in the northwest Michigan, and this
threat has led to increased concern over its pervasiveness regionally and nationally. Estimating
the genetic structure of invasive populations can lead to a better understanding of the invasion
history and the factors influencing the success of an invasion (Crosby et al. 2014, Piya et al.

60

2014, Sakata et al. 2015). Through population level analysis, we found strong genetic structure
present that separates the invasion in the Michigan dunes into two main regions. Based on these
results, we suggest that the contemporary baby’s breath population within the Michigan coastal
dune system is the result of at least two separate introduction events. The genetic structure
identified for these baby’s breath populations probably results from a combination of
demographic processes –multiple introductions, bottleneck events, isolation, and admixture,
along with landscape level processes. The topography of the dunes is heterogeneous but also
constantly shifting, and the baby’s breath invasion is one example of how this dynamic system
can shape the establishment, gene flow, and spread of invasive plant populations.
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TABLES

Table 2.1 Sampling location names and geographic coordinates for
baby's breath analyzed in this study. All locations are in Michigan.
Location abbreviations are used in the main text and following tables and
figures.
Sampling Location (Code)

n

Latitude

Longitude

Grand Marais (GM)

35

46.67825579

-85.97546860

Petoskey State Park (PS)

30

45.40288418

-84.91271857

Traverse City (TC)

30

44.74865647

-85.61882032

Good Harbor Bay (GHB)

20

44.93877954

-85.86802898

Sleeping Bear Point (SBP)

25

44.91095892

-86.04209863

Dune Climb (DC)

23

44.88285396

-86.04280635

Dune Plateau (DP)

30

44.87312491

-86.05846389

Empire Bluff (EB)

20

44.80154168

-86.07121955

Platte Bay (PB)

20

44.73111860

-86.10566158

South Boundary (SB)

20

44.72858265

-86.15892124

Zetterberg Preserve (ZP)

30

44.68665052

-86.25030285

Arcadia Dunes (AD)

30

44.53662395

-86.22527264

Notes : n number of individuals sampled.
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Table 2.3 Genetic diversity indices for baby's breath from each sampling location at 14 nSSRs and 2 cpSSRs.
Sampling Locations
GM
PS
TC

GHB

SBP

DC

DP

EB

PB

SB

ZP

AD

N
NA
HO
HE
FIS

35
3
0.286
0.411
0.3186

30
3
0.667
0.539
−0.2198

30
4
0.300
0.534
0.4517

20
3
0.450
0.540
0.1915

25
3
0.440
0.582
0.2636

23
4
0.522
0.481
−0.0624

30
3
0.500
0.540
0.0909

19
4
0.421
0.676
0.4000

20
3
0.500
0.524
0.0709

20
4
0.400
0.510
0.2400

30
4
0.500
0.548
0.1040

30
3
0.700
0.546
−0.2661

BB_6627
N
NA
HO
HE
FIS

35
2
0.086
0.082
−0.0303

30
1
0.000
0.000
−

30
2
0.167
0.153
−0.0741

20
2
0.500
0.480
−0.0160

24
2
0.333
0.330
0.0108

23
2
0.435
0.499
0.1506

30
2
0.500
0.495
0.0068

20
2
0.250
0.219
−0.1176

20
2
0.450
0.489
0.1047

20
2
0.550
0.439
−0.2294

30
2
0.300
0.255
−0.1600

30
2
0.467
0.464
0.0122

BB_3968
N
NA
HO
HE

35
3
0.143
0.207

30
2
0.067
0.064

30
1
0.000
0.000

20
4
0.400
0.476

25
3
0.240
0.246

23
3
0.304
0.334

30
4
0.367
0.414

20
4
0.450
0.475

20
3
0.550
0.509

20
4
0.400
0.345

30
3
0.500
0.418

30
2
0.133
0.180

FIS
BB_5151

0.3241

−0.0175 −

0.1850

0.0432

0.1098

0.1320

0.0782

−0.0556 −0.1343 −0.1805 0.2750

N
NA

35
2

29
2

30
2

19
2

25
2

23
2

30
2

19
2

20
2

20
2

30
2

28
2

HO
HE

0.057
0.056

0.034
0.034

0.133
0.231

0.158
0.494

0.200
0.449

0.391
0.466

0.467
0.491

0.526
0.465

0.400
0.480

0.400
0.375

0.200
0.180

0.179
0.499

FIS

−0.0149 −0.018

0.4369

0.6949

0.5683

0.1818

0.0667

−0.1043 0.1915

−0.0411 −0.0943 0.6530

BB_4443
N
NA
HO
HE
FIS

35
3
0.257
0.338
0.2537

30
5
0.800
0.701
−0.1244

30
3
0.400
0.399
0.0156

20
9
0.800
0.808
0.0349

25
9
0.640
0.769
0.1804

23

30
9
0.767
0.758
0.0052

19
5
0.842
0.749
−0.0971

20
11
0.900
0.853
−0.0301

19
7
0.526
0.593
0.2193

30

9
0.783
0.778
0.0161

10
0.667
0.651
−0.0078

30
5
0.567
0.663
0.1623

BB_31555
N
NA
HO
HE
FIS

28
1
0.000
0.000
−

30
2
0.233
0.255
0.1018

30
2
0.333
0.278
−0.1837

20
3
0.650
0.609
−0.0422

25
4
0.800
0.727
−0.0799

23
4
0.478
0.650
0.2851

30
4
0.600
0.614
0.0396

20
4
0.650
0.654
0.0314

20
4
0.750
0.745
0.0189

20
4
0.500
0.583
0.1667

30
4
0.600
0.663
0.1122

30
3
0.467
0.545
0.1603

34

30
3
0.200

30
4
0.467

20
7
0.650

25
6
0.600

23
7
0.478

30
8
0.633

20
9
0.800

20
9
0.600

20
10
0.650

28
6
0.750

30
7
0.467

nSSR Loci
BB_21680

BB_14751
N
NA
HO
HE
FIS

5A
0.676

A

A

0.666
0.287
−0.0013 0.3176

0.548
0.714
−0.0899 0.1099

0.633
0.0722

0.618
0.2473

0.769
0.1933

0.790
0.0130

0.621
0.0579

0.646
0.0159

0.675
0.762
−0.0925 0.2632

N
NA
HO

33

30

30

20

25

23

30

20

20

20

30

30

5
0.242

3
0.500

4
0.433

8
0.800

8
0.760

9
0.826

7
0.667

5
0.800

9
0.750

10
0.850

8
0.767

6
0.600

HE
FIS

0.403
0.4115

0.562
0.1265

0.369
0.818
−0.1564 0.0470

0.817
0.2000

0.694
0.808
−0.1280 0.0967

BB_3335

0.732
0.827
−0.0179 0.0234

0.815
0.789
−0.0173 0.0451

0.709
0.1701

Notes : N number of individuals, N A number of alleles per locus, HO observed heterozygosity, H E expected heterozygosity, FIS inbreeding
coefficient (Weir and Cockerham 1984), A R allelic richness for each population averaged across loci, H haploid diversity, NH number of
haplotypes for each population averaged across loci, HR haplotype richness for each population averaged across loci. Bold values indicate
A

P

loci that deviated from Hardy-Weinberg equilibrium. denotes a private allele, denotes a private haplotype. Sampling location codes:
Grand Marais (GM), Petoskey State Park (PS), Traverse City (TC), Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb
(DC), Dune Plateau (DP), Empire Bluffs (EB), Platte Bay (PB), South Boundary (SB), Zetterberg Preserve (ZP), Arcadia Dunes (AD).
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Table 2.3 (Continued) Genetic diversity indices for baby's breath from each sampling location at 14 nSSRs and 2 cpSSRs.
Sampling Locations
GM
PS
TC
GHB
SBP
DC
DP
EB
PB
SB
ZP

AD

nSSR Loci
BB_4258
N
NA
HO
HE
FIS

35
1
0.000
0.000
−

30
1
0.000
0.000
−

30
2
0.133
0.124
−0.0545

20

25
2
0.240
0.269
0.1273

23
2
0.087
0.083
−0.0233

30
2
0.033
0.033
−0.017

20
1
0.000
0.000
−

20
2
0.150
0.139
−0.0556

20

3
0.150
0.141
−0.0364

4
0.250
0.228
−0.0734

30
3
0.400
0.326
−0.2104

30
2
0.300
0.339
0.1329

BB_3913
N
NA
HO
HE
FIS

35
3
0.171
0.207
0.1873

30
2
0.133
0.124
−0.0545

30
3
0.300
0.292
−0.0166

20
4
0.400
0.471
0.1762

25
4
0.480
0.537
0.1259

23
4
0.565
0.619
0.1090

30
4
0.667
0.578
−0.1373

20
4
0.550
0.614
0.1292

20
4
0.500
0.494
0.0130

20
4
0.550
0.621
0.1399

30
4
0.600
0.638
0.0769

30
2
0.467
0.444
−0.0331

N
NA
HO

35

29

30

20

25

23

30

20

20

20

30

30

4
0.657

2
0.586

3
0.600

4
0.800

6
0.680

6
0.913

5
0.833

6
0.750

5
0.800

6
0.800

6
0.900

5
0.667

HE
FIS

0.594
0.498
0.651
−0.0922 −0.1610 0.0953

0.734
0.724
−0.0648 0.0811

0.772
0.793
0.768
−0.1608 −0.0335 0.0484

0.746
0.734
0.786
0.589
−0.0465 −0.0648 −0.1282 −0.1154

N
NA
HO
HE
FIS
BB_7213

35
4
0.629
0.716
0.1368

30
3
0.533
0.613
0.1463

30
4
0.567
0.562
0.0080

20
5
0.700
0.745
0.0859

25
3
0.480
0.614
0.2371

23
3
0.609
0.474
−0.2649

30
4
0.667
0.604
−0.0872

20
3
0.400
0.374
−0.0447

20
4
0.550
0.589
0.0913

20
3
0.400
0.371
−0.0519

30
5
0.600
0.613
0.0387

30
5
0.767
0.716
−0.0545

N
NA
HO
HE
FIS
BB_8681

35
3
0.229
0.359
0.3754

30
2
0.367
0.375
0.0392

30
3
0.100
0.096
−0.0235

20
3
0.500
0.434
−0.1276

25
4
0.640
0.642
0.0241

23
3
0.391
0.638
0.4054

30
3
0.500
0.565
0.1317

20
3
0.400
0.386
−0.0100

20
3
0.650
0.611
−0.0378

20
5
0.500
0.499
0.0231

30
5
0.633
0.599
−0.0406

30
3
0.667
0.633
−0.0366

N
NA
HO
HE

35
3
0.114
0.109

28
3
0.357
0.523

30
2
0.333
0.320

20
3
0.500
0.395

24
3
0.500
0.469

22
3
0.136
0.206

30
4
0.400
0.456

19
2
0.211
0.188

20
3
0.250
0.265

20
3
0.300
0.464

30
4
0.467
0.502

30
3
0.600
0.438

−0.0247 −0.2418 −0.0455 0.3571
2.540
3.970
3.750
3.920

0.1397
3.990

−0.0909 0.0821
3.660
4.070

0.3753
4.210

0.0866
4.190

−0.3558
3.120

A

A

BB_2888
A

BB_5567

FIS
−0.0342 0.3333
A R across loci 2.660
2.320
cpSSR Loci
ccssr4
N
NA
H
ccssr9
N
NA
H
N H across loci
H R across loci

35
2
0.25

30
1
0.00

29
1
0.00

20
1
0.00

25
1
0.00

23
1
0.00

30
1
0.00

20
1
0.00

20
1
0.00

20
2
0.32

30
2
0.50

30
1
0.00

35

30
1
0.00
1
0

29
1
0.00
1
0

20
1
0.00
1
0

25
1
0.00
1
0

23
1
0.00
1
0

30
1
0.00
1
0

20
1
0.00
1
0

20
1
0.00
1
0

20
2
0.10
3
2

30
2
0.12
3
1.897

30
1
0.00
1
0

2A
0.25
2P
0.991

Notes : N number of individuals, N A number of alleles per locus, HO observed heterozygosity, H E expected heterozygosity, FIS inbreeding
coefficient (Weir and Cockerham 1984), A R allelic richness for each population averaged across loci, H haploid diversity, NH number of
haplotypes for each population averaged across loci, HR haplotype richness for each population averaged across loci. Bold values indicate
loci that deviated from Hardy-Weinberg equilibrium. A denotes a private allele, P denotes a private haplotype. Sampling location codes:
Grand Marais (GM), Petoskey State Park (PS), Traverse City (TC), Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb
(DC), Dune Plateau (DP), Empire Bluffs (EB), Platte Bay (PB), South Boundary (SB), Zetterberg Preserve (ZP), Arcadia Dunes (AD).

74

75
0.231

0.121

0.121

0.137

0.123

0.132

0.128

−

Notes : All values significant at P ≤ 0.005 after FDR correction (Benjamini and Hochberg 1995). Sampling location
codes: Grand Marais (GM), Petoskey State Park (PS), Traverse City (TC), Good Harbor Bay (GHB), Sleeping Bear
Point (SBP), Dune Climb (DC), Dune Plateau (DP), Empire Bluffs (EB), Platte Bay (PB), South Boundary (SB),
Zetterberg Preserve (ZP), Arcadia Dunes (AD).

0.254

0.128

0.298

AD

0.170

−
−
−
−
−
−
−
−
−
−
−
0.017
0.083
0.050
0.069
0.055

−
−
0.066
0.082

0.093
0.050
0.077
0.090

−
0.106
0.068
0.071

0.069
0.040
0.057
0.040

0.220
0.290
0.253
0.240

EB
PB
SB
ZP
0.081
0.062
0.094
0.071

−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
−

−
−
−
−
−
0.025

−
−
−
−
0.041
0.029

−
−
−
0.047
0.063
0.026

−
−
0.221
0.230
0.277
0.246

−
0.121
0.245
0.246
0.320
0.265

0.221
0.147
0.264
0.261
0.321
0.272

PS
TC
GHB
SBP
DC
DP
0.175
0.260
0.207
0.211

−
−

−

−

−

−

−

−

−

−

−

−

GM

0.240
0.283
0.266
0.238

AD

ZP

SB

PB

EB

DP

DC

SBP

GHB

TC

PS

GM

Table 2.4 Pairwise FST values for nSSR data among all sampling locations based on Weir and Cockerham's (1984)
estimate. Darker color – increasing FST value, lighter color – decreasing FST value.
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FIGURES

Figure 2.1 Map of baby’s breath sampling locations in Michigan. Seven were located throughout
Sleeping Bear Dunes National Lakeshore. Park boundary delineated by grey shading in bottom
left panel. Sampling location codes: Grand Marais (GM), Petoskey State Park (PS), Traverse
City (TC), Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb (DC), Dune
Plateau (DP), Empire Bluffs (EB), Platte Bay (PB), South Boundary (SB), Zetterberg Preserve
(ZP), Arcadia Dunes (AD).
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PS
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GHB
SBP
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ZP

AD

Figure 2.2 Results from Bayesian cluster analysis based on nSSR data using the program STRUCTURE (Pritchard et al. 2000) indicate (K = 2) population clusters
of baby’s breath (Pritchard et al. 2000, Evanno et al. 2005). Cluster 1 (left) includes the northernmost populations, and Cluster 2 (right) includes all other
populations. Each individual (N = 313) is represented by a line in the plot, and individuals are grouped by population. Sampling location codes: Grand Marais
(GM), Petoskey State Park (PS), Traverse City (TC), Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb (DC), Dune Plateau (DP), Empire Bluffs
(EB), Platte Bay (PB), South Boundary (SB), Zetterberg Preserve (ZP), Arcadia Dunes (AD).

GM

Grand Marais
GrandPetoskey
Marais State Park
Petoskey State Park

Traverse City

Traverse City

Good Harbor Bay

Principal Coordinate 2 (25.53%)

Good Harbor Bay

Principal Coordinate 2 (25.53%)

Sleeping Bear Point

Sleeping Bear Point

Dune Climb

Dune Climb

Plateau
DuneDune
Plateau
Empire
Bluff Bluff
Empire
PlattePlatte
Bay Bay
South Boundary

South Boundary

Zetterberg Preserve

Zetterberg Preserve

Arcadia Dunes

Arcadia Dunes

Eigen Value 1: 19172.28
EigenValue
Value 1:
2: 19172.28
7669.48
Eigen

Eigen Value 2: 7669.48

Principal Coordinate 1 (18.23%)

Principal Coordinate 1 (18.23%)

Figure 2.3 Principal Coordinates Analysis (PCoA) based on a genotypic distance matrix between all baby’s
breath individuals performed in GenAlEx 6.502 (Peakall and Smouse, 2006, 2012). Individuals labeled by
sampling location.
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R = 0.755
P < 0.001

A
0.500

0.400

0.300

Genetic Distance (FST )

between populations in the Northern region (cluster 1), and (C) between populations in
the Southern region (cluster 2) identified from the Bayesian clustering analysis.
Reported p-values based on the one-sided alternative hypothesis (H1: R > 0).
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Figure 2.5 Mantel tests using transformed pairwise population FST values of nSSR
data (Slatkin 1995) and straight-line distances (km) between populations based on the
mean center latitude and longitude of each location. (A) Between all populations, (B)
between populations in the Northern region (cluster 1), and (C) between populations in
the Southern region (cluster 2) identified from the Bayesian clustering analysis.
Reported p-values based on the one-sided alternative hypothesis (H1: R > 0).
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Figure 2.6 Minimum spanning network based on Nei’s genetic distance (Nei 1972) matrix of
baby’s breath cpSSR data. Created in the poppr v2.8.0 package (Kamvar et al. 2014) for R.
Illustrates the distribution of haplotypes across the 12 populations. Haplotype size indicates
frequency in populations.
Sampling location codes: Grand Marais (GM), Petoskey State Park (PS), Traverse City (TC),
Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb (DC), Dune Plateau (DP),
Empire Bluffs (EB), Platte Bay (PB), South Boundary (SB), Zetterberg Preserve (ZP), Arcadia
Dunes (AD).
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SBP

DC

DP

EB
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SB

ZP

AD

Sampling location codes: Good Harbor Bay (GHB), Sleeping Bear Point (SBP), Dune Climb (DC), Dune Plateau (DP), Empire Bluff (EB), Platte Bay
(PB), South Boundary (SB), Zetterberg Preserve (ZP), Arcadia Dunes (AD).

Supplemental Figure A Results from Bayesian cluster analysis based on the nSSR data of the previously identified cluster 2 using the program
STRUCTURE (Pritchard et al. 2000). Two (K = 2) population clusters of baby’s breath were also suggested for this analysis (Pritchard et al. 2000,
Evanno et al. 2005). Cluster 1 (left) includes all the populations in Sleeping Bear Dunes and Zetterberg Preserve, and Cluster 2 (right) includes Arcadia
Dunes. Each individual (N = 218) is represented by a line in the plot, and individuals are grouped by population.

GHB
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Supplemental Figure C Plot of Evanno’s ∆K method (Evanno et al. 2005) based on a Bayesian
clustering analysis of all 12 populations from the program STRUCTURE (Pritchard et al. 2000).
The largest rate of change suggests the highest likelihood of cluster number. This analysis was run
without inferring any prior information on sampling location. Two genetic clusters were inferred
from this data and
Ln Pr(X|K).
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Supplemental Figure D Plot of Evanno’s ∆K method (Evanno et al. 2005) for the southern
cluster of the first Bayesian clustering analysis from the program STRUCTURE (Pritchard
et al. 2000). The largest rate of change suggests the highest likelihood of cluster number.
This analysis was run without inferring any prior information on sampling location. Two
genetic clusters were inferred from this data and Ln Pr(X|K).
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Supplemental Figure E Plot of Evanno’s ΔK method (Evanno et al. 2005) for the northern cluster of
the first Bayesian clustering analysis from the program STRUCTURE (Pritchard et al. 2000). The
largest rate of change suggests the highest likelihood of cluster number. This analysis was run
without inferring any prior information on sampling location. Three genetic clusters were inferred
from this data and LnPr(X|K).
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Chapter IV
Extended Review of Literature
Research overview
Invasive species pose a worldwide threat to the biodiversity of native communities, but often
little is known about an invasion, or how it should be best managed. One particular ecosystem
under duress of biological invasions is the Great Lakes dune system, where increased disturbance
has made it more susceptible to invasive species colonization. Baby’s breath (Gypsophila
paniculata) is one plant species that is of concern to this dune system, as it jeopardizes
populations of several threatened and endangered species. However, it is invasive throughout
North America (Albert, 2000; Darwent, 1975). The population structure and genetic diversity of
invasive populations in northwest Michigan are unclear. This information could aid in targeted
management and help protect biodiversity by identifying subpopulations with high adaptive
potential, and with increased likelihood of population spread. What follows is a literature review
covering all the background information relevant to my thesis.

Invasion biology
The Problem with invasive species
Biological invasions are widely seen as a contributor to environmental change (Sakai et al. 2001;
Chown et al. 2015). The effects of climate change can increase the effects of biological
invasions, and the potential consequences of such events occurring has led to an increased focus
in research on biological invasions (Chown et al. 2015). By reducing biodiversity and the
productivity of ecosystem services, invasive species threaten the integrity of native systems,
which in turn negatively impacts the myriad of ways in which humans benefit from natural
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systems, such as water and air filtration (Pejchar and Mooney, 2009). Subsequently, the financial
cost associated with managing invasive populations is high: estimates range from millions to
billions of dollars annually (Sakai et al. 2001). With invasions predicted to become more
frequent and more destructive in the advent of climate change, it is important to understand the
mechanisms driving these invasions in order to improve current management strategies (Chown
et al, 2015).

Field of invasion genetics
Molecular ecologists and evolutionary biologists have a complicated relationship with nonnative
invasive species. They recognize that invaders can threaten biodiversity and productivity of
ecosystem services (Sakai et al. 2001). At the same time, they relish in the prime opportunity
invasive species present to test many ecological and evolutionary hypotheses, due to the swift
response many invasive populations have in evolving to persist in novel abiotic and biotic
circumstances (Sakai et al. 2001; Bock et al. 2015; Lawson-Handley et al. 2011). It is argued that
the field of invasion genetics began in 1964, when a group of scientists came together to discuss
the evolutionary changes that might occur as nonnative species colonize novel environments
(Barrett, 2015). This symposium, and the book that became the product of the ideas discussed at
the symposium, The Genetics of Colonizing Species, set into motion a set of research questions
that have shaped the field of invasion genetics that we know today (Barrett, 2015). Barrett (2015)
defines invasion genetics as
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“the study of the historical, ecological, and demographic processes responsible for the
patterns of genetic diversity in populations and their influence on invasion success and
contemporary evolution during biological invasion.”

Mechanisms driving invasion success
Though it has been over 50 years since the formalization of the field of invasion genetics, the
research being performed today attempts to answer many of the same questions asked at that first
symposium. Several mechanisms have been found to promote invasion success: pre-invasion and
post-invasion adaptation, phenotypic plasticity, intraspecific admixture and interspecific
hybridization, propagule pressure, genetic diversity, and gene flow (Whitney and Gering, 2014;
Barrett, 2015). H.G. Baker’s (1965) hypothesis of a “general-purpose genotype” suggests that
certain genotypes give an individual the ability to respond to a variety of different environmental
conditions due to increased phenotypic plasticity in that genotype. Baker argued therefore, that
phenotypic plasticity increased invasiveness (Baker, 1965). However, identifying plasticity in
fitness-related traits, and the degree to which plasticity facilitates invasion success can be
difficult.
Just like H.G. Baker’s (1965) “general-purpose genotype,” other scientists have tried to
identify factors that reliably predict invasiveness, including phenotypic traits, environmental
conditions, phenotypic plasticity, and the history of the invasion process itself. Several
phenotypic traits such as sexual and asexual reproductive capabilities, rapid development, and
large seed crops have been associated with invasive species, but these traits do not always confer
invasion success (Sakai et al, 2001; Darwent, 1975). Meanwhile, Moles et al. (2008) argue that
there is not a definitive set of traits that invasive species exhibit, and they also argued that the

90

environmental conditions at the time of the nonnative species colonization play a large role in
what results in a successful species invasion.
The history of the invasion process and the factors that lead up to the actual invasion
event itself can also influence the success of an invasion. For example, the number of individuals
in a colonizing population, or propagule pressure, has been found to correlate with colonization
success (Wilson et al. 2009). However, it is still unclear whether colonizing population size is the
primary factor influencing invasion success, or whether consequences of the population size are
driving success. Increased genetic diversity and the resulting increased adaptive potential, which
is positively correlated with founding population, are two consequences of colonizing population
size that could actually be the drivers of successful invasion (Whitney and Gering, 2015).
The publishing of The Genetics of Colonizing Species by Bakers and Stebbins (1964),
and the research that has followed, addresses the evolutionary changes that can influence
whether a biological invasion is successful or not. However, it was Elton’s (1958) publication of
The ecology of invasions by animals and plants that addressed the ecological mechanisms that
can also influence the success or failure of an invasion. Ecologists suggest that hypotheses such
as Evolution of Increased Competitive Ability (Blossey and Notzold, 1995), Enemy Release
Hypothesis (Keane and Crawley, 2002) and Escape From Enemy Hypothesis (Wolfe, 2002)
should not be underestimated when considering mechanisms of invasion. These hypotheses
address tradeoffs in energy expenditure and the biotic interactions introduced species are
released from (e.g. predators) in novel environments. Moles et al. (2008) suggests a framework
that uses traits of native species, traits of invading species, and environmental conditions to
predict successful invasions, arguing that abiotic conditions play a large role in predicting a
successful species invasion.
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Use of genetic and genomic tools
While current research questions are similar to those asked back in the 1960’s when the field of
invasion genetics emerged, the ways scientists approach these questions has changed. Due to the
increasing development of genetic and genomic methods, researchers have many more tools with
which to identify the mechanisms facilitating species invasions. Using genetic tools, we can
calculate the genetic diversity and structure of recently colonized invasive populations, and in
using genomic tools, we can identify what genes influence fitness in a newly colonized
population.
It is unknown to what extent admixture and genetic diversity drive invasion success
(Dlugosch et al. 2015), but genetic diversity can be an effective way to quantify population
differences, structure, and general invasion history. Selectively neutral markers like amplified
fragment length polymorphisms (AFLPs) and microsatellites are useful for identifying
population-level genetic differences, and in comparing genetic structure of the native and
introduced ranges (Stout et al. 2014; Stabile et al. 2016). By using a combination of molecular
markers, such as nuclear and chloroplast markers in plants, modes of reproduction and
movement patterns can be identified in invasive populations (Sakata et al. 2015; Piya et al.
2014). Falcaria vulgaris (sickleweed) is an invasive species in the Midwestern United States,
and Piya et al. (2014) used nuclear microsatellites, and nuclear and chloroplast DNA sequences
to identify the population genetic diversity and structure. By using both maternal and
biparentally inherited markers, they were able to identify that while diversity between
populations was high, there was no logical structure. This led them to conclude that several
human-mediated introductions resulted in a more random distribution of genotypes and
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chlorotypes (Piya et al. 2014). Though analysis of neutral markers will not provide information
regarding evolutionary change of an invasive population, it can provide estimates of the genetic
diversity present within populations, how that variation is distributed among populations, and
how populations may be spreading.
Beyond the use of neutral genetic markers, the increased use of genomic tools such as
genotype-by-sequencing (GBS) and quantitative trait locus (QTL) mapping has led to a finerscale understanding of the evolutionary mechanisms facilitating invasion success (Chown et al.
2015). Using next-generation technology, a targeted portion of the genome is sequenced during
GBS, and from there specific loci can be linked with phenotypic traits that increase fitness during
high-throughput QTL mapping of that targeted region. Paterson et al. (1995) used restriction
fragment length polymorphisms (RFLPs) to isolate and sequence a portion of the Sorghum
halepense (Johnsongrass) genome in both wild and cultivated species. They found a locus
thought to determine the number of vegetative buds that go on to become either rhizomes or
tillers (Paterson et al. 1995). Therefore, by targeting specific genes, results from genomic
analysis can lead the field of invasion genetics to a better understanding of how species can
persist in novel environments.
It is difficult for scientists to define patterns in invasive species, and predict invasions
that are applicable across a wide ecosystem range (Lawson-Handley et al. 2011). By combining
both branches of invasion biology (evolutionary drivers and ecological drivers) a more holistic
understanding of invasive populations can be achieved. However, it can take years of research to
produce answers robust enough for management implications. A continuing challenge to this
field will be to drive research that has applicability to the management of nonnative invasions
(Chown et al. 2015).

93

Great Lakes dune systems
Brief history
Due to their dynamic nature and continual disturbance, dune ecosystems are constantly under the
stress of plant invasions (Karamanski, 2000). Though coastal dune systems are most prevalent
along oceanic coasts, there is one particularly unique coastal dune system residing in the
midwestern United States. The Great Lakes dune system is the largest freshwater complex of its
kind, and is even said to rival marine coastal dune systems in terms of sheer size (Arbogast
2015). The majority of the Great Lakes dunes are present along the eastern shore of Lake
Michigan, the southeastern shore of Lake Superior, and western shore of lake Huron. The
geographic positioning of the dunes is attributed to the abundance of fine grain sand leftover
from glacial retreats, the position of the shoreline that is privy to direct winds off the lakes, and
the substantial fetch, or distance the wind is able to travel over both lakes prior to reaching the
shore (Arbogast 2015).
As glaciers retreated and the prehistoric lake Nipissing was left in the area that would
become Lakes Michigan, Huron and Superior approximately 6000 years ago, the formative years
of dune creation began along the shores of the Great Lakes (Albert, 2000; Arbogast 2015). As
the glaciers retreated, glacial drift (mixture of boulders, cobbles, sand, and clay) was eroded by
lake wave action and deposited onshore, becoming the sand source that would over time become
the substrate of the dunes (Albert, 2000).
Since then (~6000 years ago), the dunes have been maintained by winds gusting up from
the adjacent lake and both shifting the existing dunes by blowing sand around, and also by
drying previously-deposited sand particles from the lake and carrying them up onto shore, where
vegetation plays an imperative role in trapping sand, causing accumulation over time resulting in
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dune formation (Cowles 1899, Arbogast 2015). This dune system could not exist without the
influence of the adjacent lakes, and the growth and stability of the dunes is thought to be
connected to the fluctuations in lake levels, weather patterns, and storm events (Arbogast and
Loope, 1999; Blumer et al. 2012).

Economic benefits
Some biophysical processes inherent to coastal dune systems also have socio-economic value.
Coastal sand dunes act as a natural buffer, absorbing and dissipating the energy from wave and
wind action off the adjacent water, and it is also hypothesized that the dunes help filter and
purify water (Everard et al. 2010). This buffering can largely benefit human infrastructure by
protecting against adverse storm conditions. It is thought that this importance will increase in the
advent of climate change, to protect inland areas from severe storms and erosion (Cochard et al.
2008). Sand dunes can also be a major source for sand mining. The Michigan Department of
Environmental Quality reported that from 1978 - 2015, between 1 million and 3 million tons of
sand was mined annually from Michigan. While many of the mining sites have since closed, and
legislation has been created to decrease the negative effects of mining on the ecosystem, as of
2017, nine sites are still active, and they all exist within 2 miles of the lake Michigan shoreline
(MI DEQ).
Despite the natural socio-economic benefits associated with dune systems, in the Great
Lakes, the main economic value of the dune systems is the tourism opportunities it offers
(Karamanski, 2000). With a rich natural and anthropological history of the region, Sleeping Bear
Dunes National Lakeshore (SBDNL) and other state and national parks attract millions of
visitors every year, making the area economically important to northwest Michigan
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(Karamanski, 2000). With tourism brings increased real estate market and patronage to the
businesses and along the coasts, and thousands of jobs have been created due to the increased
tourism in the area (Karamanski, 2000).

Ecological importance
Though formed thousands of years ago, coastal dune systems are very dynamic, and continue to
change at various rates depending upon their age (Arbogast 2015). It is the heterogeneous
topography and successional processes due to continuous disturbance that makes the dune
system so unique, and the ecological niches that occupy dune systems are equally diverse
(Everard et al, 2010). Many of the flora and fauna native to the Great Lakes dune system are
adapted to the harsh conditions posed by the adjacent coast, and some of them require sparsely
vegetated successional habitats with open sand to thrive (Albert, 2000; Everard et al. 2010). For
example, some species found within the Great Lakes dunes are adapted to the strong winds,
extreme temperatures, intense light, and low soil moisture and nutrients (Albert, 2000).
Ammophila brevigulata (Marram grass), Tanacetum huronense (Lake Huron tansy),
Cirsium pitcheri (Pitcher’s thistle), and other native plant species are especially adapted to sand
burial, and will continue to grow above the sand height while their roots grow into the sand
(Albert, 2000). The species Cirsium pitcheri (Pitcher’s thistle), Trimerotropis huroniana (Lake
Huron locust), and Charadrius melodus (Piping Plover) are all either state or federally threatened
or endangered species, to which the Great Lakes dune system is important habitat. While the first
two are native to the Great Lakes, Charadrius melodus uses the Great Lakes beaches, foredunes
and gravelly bluffs for nesting habitat (Albert, 2000).
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Though environmental disturbance is inherent to this system, the increase in human foot
traffic due to growing real estate and tourism exponentially increases disturbance to the
biological community. For example, Rowland and Maun (2001) concluded that disturbance and
habitat reduction was a contributing factor to the decline in abundance of C. pitcheri, which is
endemic to the Great Lakes dune system. Similarly, C. melodus nests were being destroyed, and
nesting pairs killed, by the increased presence of dogs and raccoons associated with developing
real estate along the beaches (Karamanski, 2000; Albert, 2000).
With increased disturbance comes an increased risk of biological invasion. Invasive
species are often adept at colonizing disturbed areas, which makes dunes highly susceptible to
biological invasions (Sakai et al. 2001; Albert, 2000). Specifically, spotted knapweed (Centaurea
stoebe), garlic mustard (Alliaria petiolate), baby’s breath (Gypsophila paniculata), and purple
loosestrife (Lythrum salicaria) have had deleterious effects to various habitats within the Great
Lakes dune system, which has led to costly management efforts in attempts to curb their effects
(Albert, 2000; Karamanski, 2000). Their effects include inhibiting native plant growth due to
allelopathy, outcompeting native vegetation, eliminating habitat for other species, and thus
altering the native plant and animal community (TNC, 2013). It is imperative that the Great
Lakes dune system be managed carefully in order to maintain the natural dynamic ecosystem that
supports a biodiversity found nowhere else in the world (Arbogast, 2015).

Baby’s breath (Gypsophila paniculata)
Morphology and life history
Baby’s breath (Gypsophila paniculata) is a dicotyledonous, herbaceous perennial forb of the
family Caryophyllaceae. Mature individuals can grow up to 0.75 meters high, with many erect

97

stems (Darwent and Coupland 1966). In Darwent and Coupland’s (1966) field experiment, they
observed an average of 18 shoots per plant in the field. Baby’s breath has many branches of
panicle-like compound inflorescences, with 5 wedge-shaped white petals, and a spherical fruit
capsule that holds long black seeds (Darwent, 1975). It is capable of producing up to 14,000
seeds per plant, and has a taproot that has been documented as extending up to 4 meters in depth
and 4-7 cm in diameter. This large taproot contains abundant energy stores allowing baby’s
breath to overwinter in harsh environments (Darwent and Coupland 1966, Darwent 1975).
Darwent (1975) observed the plants as taking two years to mature, with rapid root growth
during the first two years, and an average taproot length of 62 cm after one year of growth
(Darwent and Coupland, 1966). They observed that as seeds were maturing, the stems became
dry and brittle. Darwent and Coupland (1966) hypothesized that wind was the primary driver of
dispersal, applying stress on the dried stems and causing them to eventually break off. As they
break off, the winds push the tumbling stems across the landscape, scattering the loosely-held
seeds. These seeds are dropped both near the parental plant and up to 1 kilometer from the parent
plant (Darwent and Coupland, 1966).

Distribution
Baby’s breath occurs from eastern Europe to western Asia, with the epicenter of the genus
Gypsophila origin occurring in north Iraq and Iran, in the Black Sea and Caucasus regions
(Darwent, 1975). As it is native to the semi-desert Steppe regions of Eurasia, it commonly grows
in areas of low annual precipitation and extreme seasonal and day-night temperature differences
(Darwent, 1975). The first documentation of baby’s breath in North America was in Manitoba,
Canada in 1887. Since then it has been identified throughout North America as an adventive and
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weedy species, in Saskatchewan, British Columbia, and Alberta, as well as Washington, Oregon,
California, and Michigan (Gleason and Cronquist, 1963; Darwent 1975; DiTomaso and Kyser et
al. 2013).
It prefers sandy, calcium-rich, well-drained soil, and can persist in a variety of
environmental conditions, including low soil moisture, extreme temperatures and high winds,
conditions typical of its native Steppe region (Darwent, 1975). In North America, baby’s breath
is found invading several areas: agricultural fields and rangelands of the west, Pacific northwest
and Canada; disturbed areas such as roadsides and ditches; and the Great Lakes dune system
(Darwent, 1975; DiTomaso and Kyser et al. 2013; TNC, 2013). While it is listed as a noxious
weed in California and Washington, and has been documented across the West as invasive on
state, federal, and university-based weed lists, there has been little research into its invasive
range.

Economic benefits
It is hypothesized that baby’s breath was introduced to North America due to its popularity as a
garden ornamental, and has since escaped cultivation and become invasive across North America
(Darwent and Coupland, 1966; Darwent, 1975). While it is still a common garden ornamental, it
is a very important species to the cut flower industry. Vettori et al. (2013) recently reported it as
one of the top ten best selling cut flower species globally; Calistri et al. (2014) stated that it was
in the top twenty most economically important ornamental species worldwide. Zvi et al. (2008)
also claimed that baby’s breath was the most important species to the commercial cut flower
industry. There are large growing facilities in Ecuador, Columbia, Peru, Mexico, Costa Rica, and
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Israel to produce cut flowers at a high volume to meet the high demand (Halevy, 1999; USDA –
APHIS internal report 2012).
Due to the demand in the floral industry for heterogeneity in the floral organs, breeding
programs have yielded many varieties of baby’s breath (Calistri et al, 2014). However, this
breeding has led to most plants used for cut flowers to be sterile. Wild species are used as
sources of pollen, but desired varieties are primarily grown from vegetative propagation (Calistri
et al, 2014). Several cytological and genetic studies have been done to better identify the causes
of infertility of these varieties, as well as the relation of these species to each other (Calistri et al,
2014; Vettori et al, 2013). Despite its economic importance to the commercial cut flower
industry, baby’s breath can have deleterious effects as an invasive species once it has escaped
into new habitats.

Ecological impacts
Invasive populations of baby’s breath could be preventing or slowing the reestablish of native
species (Emery et al 2013). With a few key morphological characteristics, namely its extensive
taproot and high seed crop, baby’s breath is able to outcompete native species for resources,
which can lead to monotypic stands in the dunes (Darwent, 1975). It has been reported to occupy
up to 80% of the vegetation in the Great Lakes dunes (Karamanski, 2000). Plant species native to
dune ecosystems are often short-distance dispersers, and can be both dispersal-limited (French et
al. 2011) and seed-limited (Leicht-Young et al. 2009), due in part to the continuous disturbance
of the dune habitat. When the disturbance level is increased with a plant invasion, and an
invasive population outcompetes natives plants locally, it can be difficult for native plants to
recolonize the area due to their limitations (Emery et al. 2013).
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In one of few studies performed on invasive baby’s breath, Emery et al. (2013) set up
research plots in the dunes of northwest Michigan to measure the impacts of baby’s breath
removal on native and non-native plant communities, as well as arbuscular mycorrhizal spore
abundance, soil nutrients and sand movement. While they found no statistically significant
association between baby’s breath removal and changes in soil properties, native species
(pitcher’s thistle) abundance, and nonnative species cover, they did find that, prior to removal,
baby’s breath presence was associated with reduced native species abundance and increased
presence of non-native species. Additionally, they did find a slight increase in pitcher’s thistle
abundance in areas where baby’s breath removal took place (Emery et al. 2013).
There have been other accounts of the negative effects baby’s breath has in its introduced
range. The invasion of baby’s breath could be altering the arthropod and pollinator communities
and plant-pollinator interactions in the Michigan dune system (Emery and Doran 2013; Baskett
et al. 2011). Emery and Doran (2013) analyzed baby’s breath invasions and management in the
Michigan dune system and how they might affect the arthropod community. They found that
management of baby’s breath did not have an effect on the arthropod community. However,
there was an increase in herbivore arthropod dominance, as well as pollinator and predator mean
abundance associated with the presence of baby’s breath (Emery and Doran, 2013). Another
study in the Michigan dunes by Baskett et al. (2011) found that invaded plots had higher
pollinator species richness than plots where baby’s breath was removed or naturally uninvaded.
However, they also found that following removal, there was an increase in pollinator visits to
native species Pitcher’s thistle (Cirsium pitcheri), leading the authors to the conclusion that the
baby’s breath invasion is limiting pollinator visits to threatened native species (Emery and
Doran, 2013).
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Management of baby’s breath in Michigan dune system
History of management
Invasive baby’s breath was first documented in Emmet County, Michigan in 1913 (Emmet Co.,
1913, Gleason s.n., MICH), and became prevalent around SBDNL in the 1950’s (Emery and
Doran, 2013). The Nature Conservancy (TNC) began treating in Northwest Michigan in the mid
1990’s (TNC, 2013). However, with funding from Meijer Corporation, The Nature Conservancy
partnered with The National Park Service via SBDNL in 2007 to create the “Lake Michigan
Dune Restoration Project,” a joint effort to address the baby’s breath invasion in the dune system
(TNC, 2013). The Michigan Dune Alliance was created in 2009, and initiated a coordinated
effort between the various state, non-profit, and regional land agencies to protect the Great Lakes
dune system. Then in 2015, the Michigan Department of Natural Resources identified baby’s
breath as a main threat to the coastal dune systems along Lake Michigan.

Management types
The Nature Conservancy primarily uses herbicide, but at times this kind of treatment is not
feasible, they implement manual treatment with shovels (TNC, 2013). Glyphosate is an aromatic
amino acid inhibitor commonly known as Roundup, and is mixed at a concentration of 2% and
sprayed directly onto the vegetative part of the plant. Management crews of TNC and SBDNL
employ “manual” removal by using a sharp spade to sever the taproot below the woody caudex
(TNC, 2013). Though TNC and SBDNL have found herbicide treatments to be both time
efficient and effective at killing baby’s breath, the weather patterns in the dunes (high
temperatures, wind, rain), and the difficult terrain often make this method difficult. There is also
considerable variation in how each individual applies the herbicide, often leading to inconsistent
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results and the need for retreatment. This can lead to very high financial costs to treatment, as
herbicide is a costly expense. Manual removal efforts have also been effective at killing the
plants, but it is very time consuming and tedious. However, it is the more versatile of methods
when considering weather and terrain.
The financial cost of managing baby’s breath invasions is unknown, but it has the
potential to become a financial drain on farmers, ranchers, and resource managers, due to its
persistence in a variety of conditions (Darwent, 1975; Ditomaso and Kyser et al. 2013). Though
several studies analyzing the biology and ecology of baby’s breath invasions were highlighted
here, there are many gaps in knowledge that need filling in order to fully understand the
ecological impacts associated with its invasion in North America.

Conclusions
Gaps in Knowledge
Invasive baby’s breath can outcompete species such as pitcher’s thistle for resources, alter the
plant community that the Lake Huron locust (Trimerotropis huroniana) is adapted to foraging
on, and occupy the once-open gravelly bluffs where piping plover (Charadrius melodus)
traditionally nests (Darwent and Coupland, 1966; Albert, 2000; Emery et al. 2013; Baskett et al.
2011). The threat baby’s breath poses to fragmenting and limiting the already tenuous population
of pitcher’s thistle in the lake Michigan dune system has driven an increase in the concern over
the invasion of baby’s breath.
Resource managers have put in mammoth efforts to control the invasion and reinvasion
of baby’s breath throughout Northwest Michigan. However, to date, no appropriate molecular
markers have been developed to identify the connectivity of the northwest Michigan populations,
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a region where the invasion could have deleterious effects. Data revealing how populations of
baby’s breath are spreading through the region could benefit restoration efforts, and decrease the
amount of time they spend retreating invaded areas by targeting populations that are sources for
spread throughout the area. Currently, resource managers attempt to treat as many infested areas
as they can through the Lake Michigan dune system. By estimating the genetic variation present
in each population, management crews can identify areas to target to optimize habitat
preservation and restoration, and prevent further spread or population admixture.
We are using molecular markers called microsatellites to estimate the population
structure of baby’s breath in northwest Michigan. Microsatellites are molecular markers that are
affordable to develop, selectively neutral, and have high mutation rates, which allows us to
identify population level differences in genetic variation.

Research Questions
1. What is the population genetic structure and variation of baby’s breath in northwest
Michigan?
2. What is the main source influencing regrowth in areas managed by The Nature
Conservancy and the National Park Service?

Through our research, we found strong genetic structure among all the populations of baby’s
breath sampled along the dunes of Michigan, and we also found that these populations
segregated into two genetic clusters. These clusters are separated geographically by the Leelanau
peninsula, which could be acting as a barrier, limiting gene flow among the two clusters and
causing the strong structure. The land use of the Leelanau peninsula is much more residential and
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varied, unlike the large protected areas of Zetterberg Preserve and Sleeping Bear Dunes, and this
varied land use could be preventing gene flow of baby’s breath between these two population
clusters. By using both nuclear and chloroplast markers, we found that gene flow through seed
dispersal could be more limited between populations than it is by pollination, a result that
suggests the dynamic topography and habitat connectivity could be influencing the population
structure of baby’s breath, even on a small scale. The strong genetic distinction we found among
these two population clusters suggests the possibility of at least two separate introduction events
of baby’s breath to Michigan. However, some admixture between the two clusters could be
explained by human-mediated dispersal, a mechanism that would cause gene flow between
otherwise isolated populations. These results together provide a better understanding of the
invasion history of baby’s breath and factors contributing to its invasion success.
The molecular markers we developed can be used throughout the native and invasive
range of baby’s breath, and in similar species. The population analysis of baby’s breath in
northwest Michigan has contributed to an adaptive management plan to aid TNC in conserving
resources as they target populations to manage. Due to the size and amount of seeds each
individual can produce (Darwent and Coupland 1966), management technicians should take
precautionary measures to avoid spreading seeds and increasing gene flow between disparate
populations. Additionally, education of the public should be a priority to prevent further gene
flow between populations through accidental spread of seeds. Finally, due to the high genetic
diversity and structure of populations, we recommend targeting specific populations for
management, as some are more related to one another, and could be increasing the rate of
regrowth and spread through continued gene flow. Due to economic viability of the dune system
in the Great Lakes, the dynamic nature of the ecosystem, and the biodiversity it harbors, it is
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important to the health of the economy and ecology of Michigan to manage this dune system
appropriately. By supporting the management of invasive baby’s breath, we are contributing the
protection of a dynamic dune ecosystem and the economy that relies on it.
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Extended Methodology

Microsatellite library development
The microsatellite library development and sequence analysis protocols (unpublished data) were
provided to us by the Cornell University Ecology and Evolutionary Biology department (CUEEB). The following is a summary of these methods. The five baby’s breath samples were
pooled and the genomic DNA was digested in three separate reactions using the following
restriction enzymes: AluI, RsaI, and HYP166II. These reactions were combined and Klenow and
dATP were used to adenylate the blunt ends. After being supplemented to 1 mM with ATP, T4
DNA ligase was used to ligate an Illumina Y-adaptor to the fragments of the combined digests.
Fragments were hybridized to 3’ biotinylated oligonucleotide repeat probes to enrich for
microsatellites, and were then captured using streptavidin-coated magnetic beads. Enriched
fragments were amplified using an Illumina primer pair (one universal and one indexed), and the
PCR product was quantified using a Qubit 2.0 fluorometer. Libraries were then pooled and
Ampure magnetic beads (Beckman Coulter) were used to target and recover fragments of 300600 base pairs (bp). Libraries were then submitted to the Sequencing and Genotyping Facility at
the Cornell Life Science Core Laboratory Center (CLC), and sequenced using a 2x250 paired
end format on an Illumina MiSeq.

Assembly and microsatellite identification
The paired fastq files were imported into SeqMan NGen (v 11) and assembled de novo. Prior to
assembly, adaptor sequences were removed and low quality ends (Q<20) were trimmed. The
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assembly was constructed with minimum k-mer = 99, a gap penalty of 10, and the max gap set to
50 bp/kb. Default options were used for the remaining parameters.
Msatcommander (v 1.0.3) was used to search the fasta sequence files for dimeric,
trimeric, tetrameric and pentameric microsatellite loci and potential primer pairs (Faircloth,
2008). The minimum length for each repeat unit was 6 for dimeric loci and 5 for all other repeat
motifs. For primer design, we selected primers that produced products of 150-450 bp, that had a
GC content between 30-70%, and that had a Tm between 58-62ºC, with an optimum of 60ºC.
This produced roughly 3,893 unique primer pairs to be tested.

Primer optimization
Prior to PCR optimization, contigs containing potential primers were aligned using
ClustalOmega to ensure they were targeting unique microsatellite regions (Sievers et al., 2011).
We focused on 107 primer pairs that consisted of either tetrameric, trimeric, or dimeric motifs,
and yielded products between 150-300 bp. Of the 107 primer pairs that were tested, 73
successfully amplified, and 16 were determined to be polymorphic and easily scored (Appendix
S3). DNA from leaf tissue collected from three populations (Zetterberg Preserve, SBDNL,
Petoskey State Park) along eastern Lake Michigan in 2016 was used for primer optimization
(population geographic details included as footnote on Table 1.2). A minimum of 30 tissue
samples were collected from each population. Tissue storage and DNA extraction methods are
the same as previously stated.
PCR reactions consisted of 1x KCl buffer (Thermo Fisher), 2.0-2.5 mM MgCl2 depending
on the locus (Thermo Fisher), 300 µM dNTP (New England BioLabs, Ipswich, Massachusetts,
USA), 0.08 mg/mL BSA (Thermo Fisher), 0.4 µM forward primer fluorescently labeled with
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either FAM, VIC, NED, or PET (Applied Biosystems, Foster City, California, USA), 0.4 µM
reverse primer (Integrated DNA Technologies, Coralville, Iowa, USA), 0.25 units of Taq
polymerase (Thermo Fisher), and a minimum of 50 ng DNA template, all in a 10.0 µL reaction
volume. The thermal cycle profile consisted of 94˚C for 5 minutes followed by 35 cycles of 94˚C
for 1 minute, primer-specific annealing temperature (Table 1.1) for 1 min, 72˚C for 1 min, and a
final elongation step of 72˚C for 10 minutes. Successful amplification was determined by
visualizing the amplicons on a 2% agarose gel stained with ethidium bromide. Fragment analysis
of the amplicons was performed on an ABI3130xl Genetic Analyzer (Applied Biosystems).

Study area and sample collection
To determine population structure on a regional scale in Michigan, we collected leaf tissue
samples from 12 sites in the summers of 2016-2017. All sites were located in areas of known
infestation along the dune system of Michigan (Figure 2.1), and all with a history of treatment
primarily by The Nature Conservancy, the Grand Traverse Regional Land Conservancy, and the
National Park Service (TNC 2013). Eleven sites were located along Lake Michigan in the
northwest lower peninsula of Michigan, and one was located on Lake Superior in the upper
peninsula. We collected leaf tissue samples (5-10 leaves per individual) from a minimum of 20
individuals per site (maximum of 35), and stored them in individual coin envelopes in silica gel
until DNA extractions took place (n = 313). Site locations in Michigan (Table 2.1) were
separated by a minimum of 10 km and a maximum of 202 km. We subjectively chose individuals
to be sampled by identifying a visibly infested area, selecting individuals regardless of size, and
walking a minimum of ~5 meters in any direction before choosing another plant to minimize the
chance of sampling closely related individuals. We observed that the number of individuals at
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the Petoskey State Park site was smaller and patchier than the others (~60 individuals total), so
we conducted sampling more opportunistically. This opportunistic sampling involved collecting
tissue from individuals that were less than 5 m apart, and in some areas sampling from all
individuals (~3 – 4 individuals) within a small patch (~5m x 5m).

Microsatellite genotyping
We extracted Genomic DNA from all samples using DNeasy plant mini kits (QIAGEN, Hilden,
Germany) and followed provided instructions with minor modifications, including an extra wash
step with AW2 buffer. We then ran the extracted DNA twice through Zymo OneStep PCR
Inhibitor Removal Columns (Zymo, Irvine, CA) and quantified the concentrations on a
Nanodrop 2000 (Waltham, Massachusetts, USA). We included deionized water controls in each
extraction as a quality control for contamination.
We amplified samples at 14 polymorphic nuclear microsatellite loci (hereafter nSSRs)
that were developed specifically for analysis of G. paniculata using Illumina sequencing
technology (Table 2.2) (Leimbach-Maus et al. in prep). We conducted polymerase chain
reactions (PCR) using a forward primer with a 5’-fluorescent labeled dye (6-FAM, VIC, NED, or
PET) and an unlabeled reverse primer. PCR reactions consisted of 1x KCl buffer, 2.0-2.5 mM
MgCl2 depending on the locus, 300 µM dNTP, 0.08 mg/mL BSA, 0.4 µM forward primer
fluorescently labeled with either FAM, VIC, NED, or PET, 0.4 µM reverse primer, 0.25 units of
Taq polymerase, and a minimum of 50 ng DNA template, all in a 10.0 µL reaction volume
(Leimbach-Maus et al. in prep). The thermal cycle profile consisted of denaturation at 94˚C for 5
minutes followed by 35 cycles of 94˚C for 1 minute, annealing at 62˚C for 1 min, extension at
72˚C for 1 min, and a final elongation step of 72˚C for 10 minutes.
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Each sample was also amplified at 2 universal chloroplast microsatellite loci (hereafter
cpSSRs) previously developed for Nicotiana tabacum L. (Chung and Staub 2003) (ccssr4,
ccssr9) (Table 2.2). PCR reaction details and fragment lengths from Calistri et al. (2014) were
used for G. paniculata. PCR reactions were conducted using a forward primer with a 5’fluorescent labeled dye (Applied Biosystems, Foster City, CA) and an unlabeled reverse primer.
PCR reactions for the cpSSRs are the same as detailed above for the nuclear loci. The thermal
cycler profile for cpSSRs is as follows: denaturation at 94˚C for 5 minutes followed by 30 cycles
of 94˚C for 1 minute, annealing at 52˚C for 1 minute, extension at 72˚C for 1 minute, and a final
elongation step of 72˚C for 8 minutes.
We determined successful amplification by visualizing the amplicons on a 2% agarose
gel stained with ethidium bromide. We multiplexed PCR amplicons according to dye color and
allele size range (Table 2.2), added LIZ Genescan 500 size standard, denatured with Hi-Di
Formamide at 94˚C for four minutes, and then performed fragment analysis on an ABI3130xl
Genetic Analyzer (Applied Biosystems, Foster City, CA) following instrument protocols. We
genotyped individuals using the automatic binning procedure on Genemapper v5 (Applied
Biosystems, Foster City, CA), and constructed bins following the Genemapper default settings.
To account for the risk of genotyping error when relying on an automated allele-calling
procedure, we visually inspected that all individuals at all loci were correctly binned to minimize
errors caused by stuttering, low heterozygote peak height ratios, and split peaks (DeWoody et al.
2006, Guichoux et al. 2011).
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Quality control
Prior to any analysis, we used multiple approaches to check for scoring errors (DeWoody et al.
2006). We checked nSSR genotypes for null alleles and potential scoring errors due to stuttering
and large allele dropout using the software Micro-Checker v2.2.3 (Van Oosterhout et al. 2004,
Van Oosterhout et al. 2006). Prior to marker selection, the loci used in this study were previously
checked for linkage disequilibrium (Leimbach-Maus et al. in prep). We checked for heterozygote
deficiencies in the package STRATAG in the R statistical program, screening our data for
individuals with more than 20% missing loci, and loci with more than 10% missing individuals
(Gomes et al. 1999; Archer et al. 2016). We found none, so all individuals and loci remained for
further analyses. In addition, we genotyped 95 individuals twice to ensure consistent allele calls.
For the nSSR dataset, we used Genepop 4.2 (Raymond and Rousset 1995, Rousset 2008) to
perform an exact test of Hardy-Weinberg Equilibrium (HWE) with 1000 batches of 1000
Markov Chain Monte Carlo iterations (Gomes et al. 1999). We also checked for loci out of HWE
for more than 60% of the populations; however, there were none.

nSSR genetic diversity
We calculated the total number of alleles per sampling location, private alleles, observed and
expected heterozygosity in GenAlEx 6.502 (Peakall and Smouse 2006, 2012), and estimated the
inbreeding coefficient (FIS) in Genepop 4.2 (Raymond and Rousset 1995, Rousset 2008). We
used the package diverSity in the R statistical program to calculate the allelic richness at each
sampling location (Keenan et al. 2013).
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nSSR genetic structure
To test for genetic differentiation between all pairs of sampling locations, we calculated Weir
and Cockerham’s (1984) pairwise FST values for 9999 permutations in GenAlEx 6.502 (Peakall
and Smouse 2006, 2012). In the R statistical program, we corrected the p-values using a false
discovery rate (FDR) correction (Benjamini and Hochberg 1995). To test how much of the
genetic variance can be explained by within and between population variation, we ran an
analysis of molecular variance (AMOVA) for 9999 permutations in GenAlEx 6.502 (Peakall and
Smouse 2006, 2012).
To examine the number of genetic clusters among our sampling locations, we used the
Bayesian clustering program STRUCTURE v2.3.2 (Pritchard et al. 2000). Individuals were
clustered assuming the admixture model both with and without a priori sampling location for a
burnin length of 100,000 before 1,000,000 repetitions of MCMC for 10 iterations at each value
of K (1 – 16). The default settings were used for all other parameters. We identified the most
likely value of K using the Ln Pr(X|K) from the STRUCTURE output and the ∆K method from
Evanno et al. (2005) in CLUMPAK (Kopelman et al. 2015). This STRUCTURE analysis of all
12 populations identified strong genetic structure patterns. To test for more subtle population
structure that may be present within each initially identified cluster, we ran a STRUCTURE
analysis for the populations included in each of these clusters. These next two analyses followed
the same parameters as the first STRUCTURE run, assuming the admixture model without a
priori sampling location for a burnin length of 100,000 before 1,000,000 repetitions of MCMC
for 10 iterations at each value of K (1–4 and 1–11, respectively). The default settings were used
for all other parameters. We identified the most likely value of K using the Ln Pr(X|K) from the
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STRUCTURE output and the ∆K method from Evanno et al. (2005) in CLUMPAK (Kopelman
et al. 2015).
To further explore the genetic structure of these populations, we ran a Principal
Coordinates Analysis (PCoA) in GenAlEx 6.502, where the analysis was based on an individual
pairwise genotypic distance matrix (Peakall et al. 1995, Smouse and Peakall 1999). To find and
describe finer genetic structuring of the nSSR dataset, we performed a discriminant analysis of
principal components (DAPC) in the R package adegenet, which optimizes among-group
variance and minimizes within-group variance (Jombart 2008, Jombart et al. 2010). To identify
the number of clusters for the analysis, a Bayesian clustering algorithm was run for values of K
clusters (1 – 16). We retained a K-value of 3 to explore any substructuring of the nSSR data.
DAPC can be beneficial, as it can limit the number of principal components (PCs) used in the
analysis. It has been shown that retaining too many PCs can lead to over-fitting and instability in
the membership probabilities returned by the method (Jombart et al. 2010). Therefore, we
performed the cross-validation function to identify the optimal number of PCs to retain.
To assess the effect of isolation by distance (IBD), we used a paired Mantel test based on
a distance matrix of Slatkin’s transformed F ST (D = FST/(1 – FST)) (Slatkin 1995) and a
geographic distance matrix for 9999 permutations in GenAlEx 6.502, and the analysis follows
Smouse et al. (1986) and Smouse and Long (1992). The mean geographic center was generated
for each sampling location in ArcGIS software (ESRITM 10.4.1), and the latitude and longitude
of these points was then used to construct a matrix of straight line distances in km between each
sampling location. The reported p-values are based on a one-sided alternative hypothesis (H1: R
> 0). A Mantel test was run for all sampling locations together, and a test was also run separately
for populations within each cluster identified in the STRUCTURE analysis.
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cpSSR genetic diversity
For the cpSSR dataset, we used the program HAPLOTYPE ANALYSIS v1.05 (Eliades and
Eliades 2009) to calculate the number of haplotypes, haplotype richness, private haplotypes,
haploid diversity. To visualize patterns in the cpSSR dataset, we created a minimum spanning
network in the R package poppr (Kamvar et al. 2014). Nei’s genetic distance was used as the
basis for the network with a random seed of 9,999.

nSSR and cpSSR genetic structure
In order to compare the population structure of the nSSR and cpSSR data, we used the 𝚽ST
distance matrix for both datasets and ran an AMOVA. The population pairwise 𝚽ST matrix
facilitates comparison of molecular variance between codominant and dominant data by
suppressing within individual variation, thus allowing for the comparison between varying
mutation rates (Weir and Cockerham 1984, Excoffier et al. 1992). To test how much genetic
variation could be explained by within populations, between populations, and between regions
(genetic clusters identified through STRUCTURE analysis) for both datasets, we ran an
AMOVA for 9, 999 iterations in GenAlEx 6.502 (Peakall and Smouse 2006, 2012).
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Supplemental Table

Haplotype Frequencies

Haplo-1
Haplo-2

1.00

Haplo-4
Haplo-3

0.80

Haplo-5
0.60

0.40

0.20

0.00

Population

Supplemental Figure F Haplotype frequencies across 12 populations of baby’s breath calculated in program
HAPLOTYPE NETWORK (Eliades and Eliades 2009).
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